University of Denver

Digital Commons @ DU
Electronic Theses and Dissertations

Graduate Studies

6-1-2012

Connexin-32 and Connexin-43 Immunoreactivity in Rodent Taste
Buds
Amanda E. Bond
University of Denver

Follow this and additional works at: https://digitalcommons.du.edu/etd
Part of the Biology Commons, and the Neuroscience and Neurobiology Commons

Recommended Citation
Bond, Amanda E., "Connexin-32 and Connexin-43 Immunoreactivity in Rodent Taste Buds" (2012).
Electronic Theses and Dissertations. 76.
https://digitalcommons.du.edu/etd/76

This Thesis is brought to you for free and open access by the Graduate Studies at Digital Commons @ DU. It has
been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of Digital
Commons @ DU. For more information, please contact jennifer.cox@du.edu,dig-commons@du.edu.

CONNEXIN-32 AND CONNEXIN-43 IMMUNOREACTIVITY IN
RODENT TASTE BUDS

_____________

A Thesis
Presented to
the Faculty of Natural Sciences and Mathematics
University of Denver

_____________

In Partial Fulfillment
of the Requirements for the Degree
Master of Science

_____________

by
Amanda E. Bond
June 2012
Advisor: Dr. John C. Kinnamon

©Copyright by Amanda E. Bond 2012
All Rights Reserved

Author: Amanda E. Bond
Title: CONNEXIN-32 AND CONNEXIN-43 IMMUNOREACTIVITY IN RODENT
TASTE BUDS
Advisor: Dr. John C. Kinnamon
Degree Date: June 2012
Abstract
Studies indicate that ATP is one of the primary neurotransmitters in taste
transduction. ATP release occurs from taste cells via specific hemichannels such
as pannexin/connexin hemichannels (Huang et al., 2007; Romanov et al., 2007).
We hypothesize that Type II (receptor) and possibly Type III (presynaptic) cells
release ATP at sites containing pannexin/connexin hemichannels. In this study,
we examine the presence of connexin-32-LIR (Like Immunoreactivity) and
connexin-43-LIR in rodent taste buds through immunocytochemical analysis and
DAB (Di-amino-benzidine) immunoelectron microscopy. We observed that
connexin-32-LIR co-localizes with P2X2-LIR in nerve fibers and in a small subset
of NCAM-LIR cells. Connexin-32-LIR does not co-localize with α-gustducin-LIR
or PLCβ2-LIR. We observed that connexin-43-LIR is present in a subset of
PLCβ2-LIR cells and in a subset of α-gustducin-LIR cells. Connexin-43-LIR does
not co-localize with NCAM-LIR cells or P2X2-LIR nerve fibers. These results are
consistent with our results observed using DAB immunoelectron microscopy.
Thus, our results indicate that both connexin-32 is expressed in Type III cells and
nerve fibers and connexin-43 is expressed in Type II cells in rodent circumvallate
taste buds.
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INTRODUCTION
Mammalian Taste Buds and Gustatory Papillae
Taste is the most fascinating chemical sense. Not only is it essential for
survival, but it can also provoke feelings that range from great euphoria to
intense disgust. Detection of gustatory stimuli in the taste bud triggers a series of
signal transduction events in taste cells. The mammalian taste bud is an onionshaped structure surrounded by epithelial tissue. Humans have approximately
5,000 taste buds that sit on the surface of the tongue, epiglottis, and palate
(Miller, 1995; Chaudhari & Roper, 2010). Within each taste bud are 50-100 taste
cells that detect sour, salty, bitter, sweet, and umami taste stimuli.
Lingual taste buds are found in gustatory papillae on the tongue. In most
mammals, these papillae are divided into three major classes; fungiform, foliate,
and circumvallate papillae (Whiteside, 1927; Fish et al., 1944; Farbman, 1965;
Oakley, 1967; J. Kinnamon, 1987; Miller & Bartoshuk, 1991) (Fig. 1). Each class
of papillae is located on a different area of the tongue. Fungiform papillae are
mushroom-shaped and they are found on the anterior two thirds of the tongue on
the dorsal surface (Gilbertson et al., 2000). Rodents typically have one or two
1

taste buds in each fungiform papilla. Folliate papillae are found on the posterolateral region of the tongue (Gilbertson et al., 2000). A large number of taste
buds line the walls of foliate papillae. In rodents, the circumvallate papillae are
located on the medial-posterior surface of the tongue. A deep trench containing
approximately 250 taste buds lines this single circumvallate papilla (Gilbertson et
al., 2000).
Innervation:
Taste buds interact with a group of sensory neurons whose cell bodies lay
in clusters near the brain (Chaudhari & Roper, 2010). In rodents, there are two
major cranial nerves that innervate taste buds, depending on the their location on
the tongue (Whiteside, 1927; Oakley, 1967; Beidler, 1969; Farbman & Hellekant,
1978; Bradley et al., 1985; Whitehead et al., 1985). Innervation of the posterior
tongue, which includes vallate and some foliate papillae, is via the
glossopharyngeal (IXth) nerve. Innervation of the anterior tongue, which includes
fungiform and some foliate papillae, is via the chorda tympani branch of the facial
(VIIth) nerve (Gilbertson et al., 2000). Innervation in taste buds extends beyond
the major nerves, to a plexus of nerve fibers located under the taste epithelium.
In order to enter taste buds, several taste axons penetrate the epithelium
(Chaudhari & Roper, 2010). This network of nerve fibers can be divided into
intragemmal fibers, which form synaptic connections with taste cells, or
perigemmal fibers, which simply surround the taste buds (Nagy et al., 1982;
Finger, 1986; Finger et al., 1990).
2
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Figure 1: Diagram of the rodent tongue. Large arrows label gustatory
papillae and small arrows label cranial nerves (Dunlap, 1997; Yang,
2006).
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Classification of Taste Cells in the Taste Bud

Taste cells within the taste bud play an important role in cell signaling and
transduction. A variety of signaling molecules and transduction mechanisms
have been described in taste cells (S. Kinnamon & Margolskee, 1996; Gilbertson
et al., 2000; Lindemann, 2001). For these reasons, it is important to use a
common system to classify taste cell types. Initially, the characteristics of taste
cells observed with cytoplasmic staining using basophilic dyes led to the
classification of taste cells as “light” or “dark” (Loven, 1868; Schwalbe, 1868;
Wilson & Edin, 1905). Modern techniques, such as electron microscopy, have
allowed for a better classification of the ultrastructure of taste cells in the taste
bud (Figs. 2 & 3). The classification of taste cell types has been controversial. In
a recent review on taste buds by J. Kinnamon & Yang (2008), however, it is clear
that after 20 years of investigation, researchers have come to an agreement on
the ultrastructure of rodent circumvallate taste buds. Scientists agree that taste
cells can be classified into four major cell types: Type I, Type II, Type III, and
Type IV.

Type I Cells

Type I cells, also known as “dark” or glial-like cells, are the most
numerous cells in the taste bud, making up 50%-60% of the cell population

5

Figure 5
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Figure 2: Longitudinal section through a rat circumvallate taste bud.
Type I cells (I) have irregular shaped nuclei, electron dense cytoplasm,
and microvilli that terminate in the taste pore. Arrowheads point to dense
core vesicles in the apical cytoplasm of Type I cells (I). Type II cells (II)
have large circular nuclei. Arrow points to a nerve process. Scare bar:
5 m. Inset: In a Type I cell, several long microvilli are present (mv1). In
a Type III cell, there is one single microvillus (mv2). (Image from
Kinnamon & Yang 2008).
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Figure 3
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Figure 3: Transverse section through a taste bud from a rat
circumvallate papilla. Type I cells (I) are characterized by electron-dense
nuclei and cytoplasm. Type II cells (II) have large, ovoid nuclei and their
cytoplasm is electron-lucent. Type III cells (III) are characterized by
nuclei with prominent invaginations. Arrows point to nerve processes.
Scale bar = 5 m (Kinnamon & Yang, 2008)

9

(Farbman et al., 1965; Murray et al., 1973; J. Kinnamon et al., 1985; Delay et al.,
1986; J. Kinnamon & Yang, 2008). Type I cells are unique because unlike other
taste cell types, Type I cells possess cytoplasmic processes that separate and
envelop Type II and Type III cells, as well as intragemmal nerve fibers (Murray,
1973; Royer & J. Kinnamon 1991; Yang & J. Kinnamon, 2008). Type I cells have
slender, elongate nuclei filled with heterochromatin (J. Kinnamon & Yang, 2008)
(Fig. 2). The apical ends of Type I cells are characterized by many long, slender
microvilli. They can also be distinguished by the presence of dense-core
granules positioned apically in the cytoplasm (Farbman, 1965; Murray, 1973;
Kinnamon et al., 1988; Miller, 1995; Reutter & Witt, 1993; Royer & J. Kinnamon,
1991). Type I cells are found in close apposition to nerve fibers in the taste bud;
however, these cells are not believed to form synapses with nerve processes
(Farbman, 1965; Murray, 1973; Reutter & Witt, 1993). Type I cells are implicated
in both sensory and supportive roles in taste buds (Lindemann, 1996).
Dvoryanchikov et al. (2009) proposed that Type I cells express ROMK (Renal
Outer Medullary Potassium Channel), a channel that may maintain K+
homeostasis within the taste cell (Chaudhari & Roper, 2010). Type I cells also
express GLAST (Glutamate Aspartate Transporter), suggesting they may play a
role in glutamate uptake (Lawton et al, 2000; Chaudhari & Roper, 2010). It has
been proposed that Type I cells play a role in the detection of salt (Vandenbeuch
et al, 2008; Chaudhari & Roper, 2010). Researchers continue to explore the role
of Type I cells in the taste bud.
10

Type II Cells

Type II cells, also known as “light” cells or receptor cells, are characterized
by large, ovoid nuclei and an electron-lucent cytoplasm (Farbman, 1965; Murray,
1973; J. Kinnamon et al.,1985, 1988, 1993; Delay et al.,1986; Royer & J.
Kinnamon, 1988, 1991, 1994; Pumplin et al.,1997). The apical region of a Type II
cell in a rat circumvallate papilla displays short, uniform microvilli that are often
refered to as “brush-like” (Yee et al., 2001). Type II cells are the second most
abundant cell type in the taste bud, making up approximately 15-30% of cells.
(Farbman et al., 1965; Murray et al., 1973; J. Kinnamon et al.,1985; Delay et
al.,1986; J. Kinnamon & Yang, 2008). Type II cells detect sweet, bitter and
umami gustatory stimuli (Finger et al., 2005a; Tomchik et al., 2007). Detection of
these stimuli activates G-protein coupled receptors located on the cell. Cells
expressing T2R (Taste 2 Receptor) G-protein coupled receptors are responsible
for transducing bitter compounds (Chandrashekar et al., 2000), while cells
expressing T1R2 (Taste 1 Receptor 2) and T1R3 (Taste 1 Receptor 3) are
responsible for sensing sweet compounds (Nelson et al., 2001; Jiang et al.,
2004; Xu et al., 2004; Chaudhari & Roper, 2010). Cells expressing T1R1 (Taste
1 Receptor 1) and T1R3 are believed to signal umami compounds; however,
there may be other GPCRs (G-Protein Coupled Receptors) responsible for
transduction of umami stimuli (Chaudhari et al., 2000; Li et al., 2002; Nelson et
al., 2002; San Gabriel et al.,2009, Chaudhari & Roper, 2010). Type II cells lack
11

identifiable synapses (Farbman, 1965; Murray, 1973; Yee et al., 2001; Yang et
al., 2004). There is evidence, however, suggesting that they form contacts with
nerve processes (Royer & J. Kinnamon, 1988; Clapp et al., 2004). Recent
studies suggest that Type II cells use non-vesicular signaling mechanisms such
as gap junction proteins for cell-cell communication in the taste bud (Romanov et
al., 2007; Huang et al., 2007; Romanov et al., 2008; Dando & Roper, 2009).

Type III Cells

Type III cells, also known as presynaptic cells, are the only taste cells to
form identifiable synaptic connections with nerve processes in rat circumvallate
taste buds (Yang et al., 2000b; Yee et al., 2001; Yang et al., 2004; J. Kinnamon
& Yang, 2007). They are also the only taste cells that express the presynaptic
protein, SNAP-25 (Yang et al., 2000a; Finger at al., 2005b), suggesting that Type
III cells play a significant role in relaying taste information to the nerve fibers. The
nuclei of Type III cells are characterized by prominent nuclear invaginations (J.
Kinnamon & Yang, 2008). They constitute the smallest percentage of cells found
in the taste bud, constituting only 5-15% of the cells (Delay et al.,1986; Reutter &
Witt, 1993; J. Kinnamon, 1987; J. Kinnamon & Yang, 2008). It is presumed that
Type III cells are responsible for signaling sour taste stimuli and detecting
carbonation (Huang et al., 2006; Tomchik et al., 2007; Huang et al., 2008b;
Chandrashekar et al., 2009; Chaudhari & Roper, 2010); however, the pathways
through which sour taste and carbonation are transduced remain controversial.
12

Type IV Cells

Type IV cells, also known as basal cells, are ovoid-shaped cells found in
the basolateral region of the taste bud. They are distinguished by the presence of
intermediate filaments that attach to the nuclear envelope of the cell (Delay et al.,
1986; J. Kinnamon & Yang, 2008). These cells carry no known responsibility in
the detection of taste stimuli. They are, however, considered to be precursors to
other cell types in the taste bud (Beidler & Smallman, 1965; Conger & Wells,
1969; Farbman et al., 1980; Stone et al., 2002; J. Kinnamon & Yang, 2008).
Basal cells do not have processes that extend to the taste pore and are most
likely undifferentiated cells (Farbman, 1965; Chaudhari & Roper, 2010). One of
the controversial hypotheses regarding taste cell lineage suggests that basal
cells are responsible for the formation of an immature cell, which will ultimately
differentiate into a Type I, Type II, or Type III cell (Finger et al., 2005a).
Unfortunately, it is difficult to study basal cells because no known cell markers
currently exist for this cell type; thus, the significance of basal cells in taste tissue
remains a matter of controversy to scientists in the taste field (Chaudhari &
Roper, 2010).
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Synapses in Taste Cells

In mouse circumvallate taste buds, approximately 20% of the taste cells
form synapses onto nerve fibers (J. Kinnamon et al., 1985). Chemical synapses
occur between Type III cells and nerve fibers. Structurally, synapses in the taste
bud are classified into two categories; small and macular, or “finger-like” (J.
Kinnamon et al., 1985; J. Kinnamon et al., 2005). De Lorenzo (1963) was the first
scientist to publish ultrastructural evidence depicting contact between taste cells
and nerve fibers. Today, the ultrastructure of a synapse in the taste bud is well
studied (Fig. 4). J. Kinnamon et al. (1985, 1988, 2001) developed a defined set of
criteria for the purpose of identifying synapses in taste buds. These criteria
include 1. Two thickened membranes that are separated by a cleft; these
membranes should sit parallel and closely apposed to one another; 2. Small,
clear vesicles and large, dense-cored vesicles are present; 3. The postsynaptic
thickening is denser and thicker than the presynaptic thickening (Royer & J.
Kinnamon, 1991; J. Kinnamon & Yang, 2008). The criteria for identifying a
synapse in the taste bud has greatly advanced the study of synaptic connections
in taste cells.

14

Other Contacts: Subsurface Cisternae and Atypical Mitochondria

Subsurface Cisternae

Synapses in gustatory tissue are most commonly afferent; however, it is
proposed that subsurface cisternae of the smooth endoplasmic reticulum may
also play a role in signaling in taste buds (Ide & Munger; 1980; Clapp et al,.
2004; Kinnamon et al.,2005). Subsurface cisternae are located in close
apposition to taste cells and nerve fibers. More specifically, they sit near contacts
between Type II cells and nerve fibers, next to the cytoplasmic leaflet of the taste
cell membrane (Royer & J. Kinnamon, 1988; J. Kinnamon & Yang 2008). In Type
II cells, which lack identifiable synapses, it is possible that subsurface cisternae
of smooth endoplasmic reticulum are responsible for communication with the
nervous system (Clapp et al., 2004).

Atypical Mitochondria

In taste cells, atypical mitochondria differ from “normal” mitochondria in
size and structure. Not only are they larger than “normal” mitochondria, but they
also lack the lamellar cristae (Royer & J. Kinnamon, 1988). Instead, atypical
mitochondria contain “twisted-energized” or “swollen-twisted-energized” cristae
(Green & Baum, 1970; Korman et al., 1970; Williams et al.,1970). These

15

Figure 4
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Figure 4: DAB immunoelectron micrograph of a synapse (s) onto a
nerve fiber (n) in the taste bud of a rat circumvallate papilla. The
presynaptic taste cell (asterisk) exhibits the characteristics of a Type III
taste cell (elongate shape, nuclear invaginations). Inset A: Synaptic
vesicles (sv) are docked at the synaptic membrane. Taste cell (asterisk
in low magnification image) synapses (s) onto a nerve process (n). Inset
B: Presynaptic zone has many clear synaptic vesicles (sv). Dense core
vesicles are located near the synapse. Taste cell (Bold face asterisk in
low magnification image) synapses (s) onto a nerve process (n).
Mitochondria (m) are present. Inset scale bars = 0.5 m. Scale bar for
low magnification image = 5 m (Yang et al., 2000).
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configurations refer to structural changes in mitochondria that occur during
swelling. Atypical mitochondria are found at close contact between Type II cells
and nerve processes. Atypical mitochondria are sometimes associated with
subsurface cisternae (J. Kinnamon & Yang, 2008). They have been proposed to
play a role in the uptake and release of Ca2+ (Hajnoczky et al., 2001; Hawkins et
al., 2007).

Taste Transduction

The detection of gustatory stimuli in taste cells initiates interactions
between the taste cells and nerve fibers. From the nerve fibers, taste information
is transferred to the brain. Taste is transduced through different pathways
depending on the type of stimulus detected. The five major taste stimuli are
bitter, sweet, salty, sour, and umami. There is also evidence for transduction of
fat taste (Khan & Bernard, 2009). Studies show candidate receptors for each
basic taste quality (Chandrashekar et al., 2006; Ishimaru, 2006; Niki et al., 2010)
that can be divided into two categories: GPCRs and channel type receptors (Niki
et al., 2010). Most taste cells can only be stimulated by one of the major taste
qualities (Caicedo et al., 2002; Yoshida et al., 2006; Niki et al., 2010). Upon
detection of gustatory stimuli, specific signaling pathways are activated
The signaling pathways for sweet, bitter and umami taste are very similar.
All three basic tastes use GPCRs; however, the type of GCPR differs with each
taste type. When sweet, bitter, or umami tastants bind to receptors they activate
18

a G-protein, (Hisatsune et al., 2007; Niki at al., 2010), which then stimulates
PLCβ2 (phospholipase C β2) (Zhang et al., 2003; Niki et al., 2010). The
stimulation of PLCβ2 causes IP3 to bind to IP3R3 (inositol-1,4,5-triphosphate
receptor type 3), causing the release of Ca2+ and depolarization of taste cells
through TRPM5 (transient receptor potential channel M5) channels (Fig. 5)
(Zhang et al., 2003; Zhang et al., 2007; Niki et al., 2010).

19

Figure 5: Diagram showing the proposed mechanisms for transduction of
taste in vertebrates. It is believed that all pathways result in the elevation of
intracellular Ca2+, resulting in neurotransmitter release (Gilbertson T.A., S.
Damak, and R.F. Margolskee, 2000; Yang, 2006).

20

Sweet Taste

The T1R (Taste 1 Receptor) family of GCPRs plays a role in modulation of
sweet taste. More specifically, T1R2 and T1R3 function as sweet taste receptors
by forming a complex (Nelson et al., 2001, 2002; Niki et al., 2010) that responds
to various sweet tastants. The pathway for sweet taste transduction is dependent
upon the type of sweet tastant.

Bitter Taste

T2Rs (Taste 2 Receptor) belong to a family of GPCRs that differ from
T1Rs; they play a role in the transduction of bitter taste. Bitter taste is transduced
through the common signaling pathway that is also responsible for sweet and
umami taste, yet it still exhibits some of its own unique signaling qualities. αgustducin has been shown to be a key component in the response of taste cells
to bitter compounds (Wong et al., 1996; Ming et al., 1998; Gilbertson et al., 2000).
T2Rs activate a specific Gα subunit and α-gustducin (Ruiz-Avila et al., 1995;
Chaudhari & Roper, 2010), that is selective to bitter taste. α-gustducin is believed
to activate the PDE (phosphodiesterase) pathway (S. Kinnamon & Margolskee,
1996); however, binding of a bitter tastant to a GPCR also leads to the activation
of PLC (Phospholipase C). Once α-gustducin activates PDE, intracellular cAMP
(3'-5'-cyclic adenosine monophosphate) levels are reduced (McLaughlin et al.,
1992). Stimulation of the PLC pathway is thought to be triggered by the Gγ13
21

and Gβ3 gamma subunits that are released from G-proteins (Rossler et al.,
1998). Through the PLC pathway, PLCβ2 cleaves PIP2 (phosphoinositol
bisphosphate) into IP3 and DAG (diacylglycerol) (Bernhardt et al., 1996, Huang et
al.,1999). IP3 is thought to bind to IP3R3, causing a rise in intracellular Ca2+,
resulting in transmitter release.
Recent studies shows that subsets of partially overlapping T2Rs are
expressed in taste cells that respond to bitter tastants (Behrens et al., 2007;
Chaudhari & Roper, 2010). This is significant because bitter responsive taste
cells can discriminate between bitter compounds (Caicedo & Roper, 2001;
Chaudhari & Roper, 2010). The discrimination of bitter compounds is especially
important because it plays a role in survival by allowing for the detection of
compounds that could be harmful or toxic (Drayna, 2005; Chaudhari & Roper,
2010).

Umami Taste

Transduction of umami taste, also known as “amino acid” taste, occurs
through GPCRs and ligand-gated channels (Chaudhari et al., 2000; Nelson et al.,
2002; Li et al., 2002). T1Rs not only play a role in sweet taste, but also function
in umami taste. T1R1 (Taste 1 Receptor 1) and T1R3 form complexes that
function as umami taste receptors (Nelson et al., 2001; Nelson et al., 2002; Niki
et al., 2010). In mice, this complex will respond to various amino acids, while in
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humans, glutamate activates this complex (Nelson et al., 2002; Li et al., 2002;
Niki et al., 2010).
mGluRs (metabatropic Glutamate Receptors) have been observed in taste
cells and are proposed candidates for umami taste receptors (Chaudhari et al.,
2000; San Gabriel et al., 2009; Niki et al., 2010). Specifically, mGluR4
(metabotropic Glutamate Receptor 4) has been localized in taste cells (Yang et
al., 1999). Glutamate in mGluR4-receptors for taste is proposed to decrease
cAMP levels (Zhou & Chaudhari, 1997), possibly triggering an interaction with
cyclic nucleotide gated channels (Lindemann, 2001).
In umami taste, a phenomenon known as synergism occurs when 5’ribonucleotide monophosphates enhance the intensity of MSG (monosodium
glutamate) (Yamaguchi, 1967; Yamaguchi, 1991; Niki et al., 2010). Synergism is
believed to be a key characteristic of umami taste.

Salty Taste

Amiloride is an epithelial sodium channel blocker that has been shown to
reduce behavioral, neural, and taste responses to sodium chloride (Heck et al.,
1984; Spector et al.,1996; Ninomiya, 1998; Yoshida et al., 2009; Niki et al., 2010).
It has been proposed that ENaCs (epithelial sodium ion channels) are the
receptor for salty taste. Activation of an ENaC by salty tastants causes the
depolarization of taste cells, thereby stimulating an action potential
(Vaudenbeuch et al., 2008).
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Sour Taste

The transduction pathway for sour stimuli is controversial. It has been
suggested that PKD2L1 (Polycystic Disease 2 Like 1) and PKD1L3 (Polycystic
Disease 1 Like 3) are responsible for transduction of sour stimuli (Huang et al.,
2006; Ishimaru et al., 2006; Lopez Jimenez et al., 2006); however, recent
evidence suggests otherwise. Recent studies show that ion channels in the
plasma membrane modulated by cytoplasmic acidification are more likely to be a
candidate for sour taste transduction (Lin et al., 2004; Richter et al., 2004;
Chaudhari & Roper, 2010). ASICs (Acid sensing ion channels) have also been
implicated in the detection of sour taste (Ugawa et al., 2003; Niki et al., 2010).
HCNs (hyperpolarization activated cyclic nucleotide-gated potassium channels)
(Stevens et al., 2001; Niki et al., 2010), and NPPB (5-nitro-2-(3phenylpropylamino)- benzoic acid) sensitive Cl- channels (Miyamoto et al.,1998;
Niki et al., 2010).

Fat Taste

Studies have recently proposed fat taste to be its own basic taste quality
(Khan & Bernard, 2009), but the mechanisms behind the transduction of lipids
are still unknown. Evidence suggests that upon stimulation of LCFA (Long Chain
Fatty Acids), lingual CD36 (Cluster of Differentiation 36) may respond to fat taste,
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and activate signaling mechanisms for fat taste transduction (Khan & Bernard,
2009). Future studies should provide further insight into the mechanisms involved
in the transduction of fat taste.

Gap Junctions and Hemi-channels

Gap junctions and hemi-channels are formed by connexins in vertebrates
and innexins in invertebrates (Hua et al., 2003; Phelan, 2005; Willecke et al.,
2002). These channels allow passage of molecules that are less than 1 kDA,
such as ions and second messengers, providing a mechanism for cell-cell
communication in animal tissues (Bennett et al., 1978; Schwarzmann et al.,1981;
Goodenough et al.,1996; Spray et al., 2006; Scemes et al., 2009; Burra & Jiang,
2011). When six connexin subunits oligomerize, they form a hexameric connexon
(Fig. 6) (Musil & Goodenough, 1993; Kistler et al., 1995; Sosinsky, 1995; Cascio
et al.,1995; Falk et al.,1997; VanSlyke et al., 2000; Ungar et al.,1999; Segretain
& Falk, 2004; Burra & Jiang, 2011), which is equivalent to a hemi-channel.
Oligomerization occurs in the endoplasmic reticulum, Golgi, or post Golgi
compartments (Fig. 6) (Burra & Jiang, 2011). This formation is strongly
dependent upon the structure of a connexin. An individual connexin protein
subunit contains a transmembrane domain, C and N termini, as well as
extracellular and cytoplasmic loops with Cys residues (Panchin, 2005; Scemes,
2009). When a single connexon docks at the cell membrane in close apposition
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Figure 6
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Figure 6: Diagram representing the synthesis and oligomerization of
connexin. Connexin synthesis in or near the endoplasmic reticulum
results in oligomerization of six connexin subunits to form a hemichannel (connexon). One connexon can dock at the membrane with
another connexin to form a gap junction. (Segretain and Falk, 2004).
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to a connexon on an adjacent cell, a gap junction is formed (Burra & Jiang,
2011). Essentially, two hemi-channels form a gap junction. Gap junctions have
an intercellular space that is approximately 2-4 nm (Panchin, 2005; Litvin et al.,
2006). Connexin hemi-channels have been reported to release cytosolic
molecules such as ATP (Adenine Triphosphate) and glutamate into extracelluar
medium (Goodenough & Paul, 2003; Stout et al., 2004; Spray et al., 2007;
Scemes et al., 2009). Pannexin is another gap junction protein that is structurally
similar to connexins. Like connexin, pannexin can form hexameric channels;
however, there is no evidence suggesting that pannexins can form gap junctions
(Dahl & Locovei, 2006; Burra & Jiang, 2011).

Pannexin

Panchin et al. (2000) discovered pannexins, a new family of gap junction
proteins. Further study confirmed that pannexins are homologs of innexins, the
gap junction protein of invertebrates (Baranova et al., 2004). Pannexins are
structurally similar to connexins, and in most tissue types, the distribution of
pannexin overlaps with connexin (Bao et al., 2004; Scemes et al., 2009). Out of
the three known pannexin isoforms; pannexin-1, pannexin-2, and pannexin-3
(Litvin et al., 2006), only pannexin-1 has been observed to form channels
(Scemes et al., 2009). Using the same mechanism as connexin, six pannexin
subunits oligomerize to form a pannexon, which in often referred to as a “hemichannel” in pannexin literature. Sosinsky et al. (2011) argues against the use of
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the term “hemi-channel” in association with pannexons because this promotes
the wrong idea regarding their function. Pannexons are unable to form gap
junction intracellular channels; however, associating them with the term “hemichannels” implies that they are able to form gap junction intracellular channels
(Sosinky et al., 2011). It is therefore most accurate to refer to pannexons as
“channels”, not “hemi-channels.” Studies implicate pannexin-1 in ATP release in
taste cells (Huang et al., 2007; Dando & Roper, 2009; Murata et al., 2010), an
idea that has proved to be controversial in the taste field. Previous work in our
lab suggests pannexin-1 is present in Type II cells and a small subset of Type III
cells in rat circumvallate papillae (Yang et al., 2010).

Connexin

Connexins are members of a large family of proteins responsible for
forming gap junctions and hemi-channels in vertebrates. They were first identified
as one of the major protein components of gap junctions in the 1980’s (Paul,
1986; Beyer et al., 1987). Today, there are 21 known members of the connexin
gene family (Sohl & Willecke, 2003; Burra & Jiang, 2011). Structurally, all
connexins are composed of a four transmembrane domain, with cytoplasmic C
and N termini, two extracellular loops with Cys residues, and a cytoplasmic loop
(Panchin, 2005; Scemes, 2009), yet the connexin family comprises multiple
proteins varying in size and function. Scientists have not yet come to an
agreement on connexin nomenclature. There are currently two different methods
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to distinguish between connexin isoforms: 1. The “CxMW” system; assigns each
connexin isoform a name based on their molecular weight (Spray et al., 2006).
For example, connexin-43 has a molecular weight of 43 kDa, therefore it will be
referred to as Cx43 and connexin-32 has a molecular weight of 32 kDa, so it is
named Cx32. 2. The “gjαN, gjβN, gjγN” system in which “gj“ refers to gap junction;
“α,” “β,” or “γ” classifies each connexin into sub-families based on their
sequences; and N becomes assigned to each connexin based on order of
discovery (Sohl & Willecke, 2003; Spray et al., 2006). For this study, we will
employ the use of the “CxMW” nomenclature to differentiate between connexin
isoforms.
Connexins are transported to the endoplasmic reticulum following
transcription and translation. Oligomerization of six connexin subunits into a
connexon can then occur in the endoplasmic reticulum, Golgi, or post Golgi
compartments (Spray et al., 2006), depending on the connexin isoform.
Connexons are then carried to the plasma membrane in vesicles (Evans et al.,
2006). Once inserted into the plasma membrane, one connexon hemi-channel
can connect with the hemi-channel of a nearby cell, resulting in the formation of a
gap junction (Sohl & Willecke, 2004). Connexins can form three types of gap
junction channels: 1. Homomeric channels are formed when a connexon derived
from a specific connexin isoform docks with a connexon derived from that same
connexin isoform (Goodenough et al., 1996; Jiang & Goodenough, 1996; He et
al.,1999; Burra & Jiang, 2011); 2. Heterotypic channels are formed when a
connexon derived from a specific connexin isoform docks with a connexon
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derived from a different connexin isoform (Barrio et al., 1991; White & Bruzzone,
1996; Bouvier et al., 2009; Burra & Jiang, 2011); 3. Heteromeric channels are
formed when a connexon that is derived from different connexin isoforms docks
with a connexon that is also derived from different connexin isoforms (Burra &
Jiang, 2011). Formation of a heteromeric gap junction is dependent upon
compatibility of connexin isoforms.
Connexins have been found to be critical gap junction proteins in other
sensory systems. Zhang (2010) demonstrated that connexin hemi-channels
impact sensitivity and perception of smell. Altering the structure of connexin-43 in
olfactory neurons affected olfactory responses (Zhang, 2010). In the olfactory
bulb, the coupling of connexin-36 gap junction hemichannels affects the lateral
excitation of mitral cells (Christie & Westbrook, 2006; Zhang, 2010). Connexins
are thought to be responsible for the propagation of Ca2+ across the inner ear
(Anselmi et al., 2008). Connexins also function in the visual system; they are
thought to be mediators of transduction and acuity (Mexeiner et al., 2005;
Shubert et al., 2005; Shelley et al., 2006; Anselmi et al., 2008). Connexins have
been proposed to mediate the coupling of gap junctions in the retina (Schubert et
al., 2005). Schubert et al. (2005) observed that in the mouse retina, the coupling
of gap junctions in bi-stratified ganglion cells is mediated by connexin-45. In the
skin, a mutation in Connexin-30 causes high amounts of ATP release, resulting
in a rare skin disorder, Hidrotic Ectodermal Dysplasia (Clouston Syndrome)
(Essenfelder et al., 2004).
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In the vital organs of mammals, connexin gap junction proteins are
responsible for important cellular activities. In the brain, connexins are thought to
play a role in tumor related seizures because astrocytes, oligodendrites,
meningeal cells, and ependymal cells from brain tumor tissue express connexin32 and connexin-43 (Aronica et al., 2001). Connexins have also been described
in neuronal cells (Nadarajah et al., 1996; Anselmi et al., 2008). Connexin gap
junctions play a critical role in the heart. The mammalian heart expresses
multiple connexin proteins, varying in function. Verheule et al. (1997)
characterized gap junction channels in the atrial and ventricular myocardium of
adult rabbits. They found that specific connexins were expressed in specific
areas of the heart; not all connexins were expressed in the same areas.
Immunohistochemical studies showed that connexin-43 and connexin-45 were
present in the gap junctions associated with ventricular and atrial myocytes, while
no immunoreactivity was observed with connexin-40 and connexin-37.
Interestingly, they did observe connexin-40 and connexin-37 in endocardial and
endothelial tissue of the heart (Verheule et al., 1997). In the liver, connexin-32 is
the predominant gap junction protein in hepatocytes (Paul, 1986; Piechocki et al.,
1999); however, other components of the liver express different connexins. In
biliary eptithelial cells of the liver, connexin-43 is the predominant gap junction
protein (Neyeu et al., 1994; Piechocki et al.,1999). Based on this evidence,
connexins play a role in a diverse array of functions in many different systems.
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ATP Release via Hemi-Channels in Taste Cells

P2X (Purinergic 2X) receptors are present in the gustatory nerve endings
that innervate taste buds (Bo et al., 1999). These purinergic receptors are
thought to serve multiple functions in taste cells; however, their physiological role
in gustation is not yet fully understood. Finger et al. (2005) studied purinergic
signaling in taste cells and their results revealed that ATP is a key
neurotransmitter in taste transduction. Studies show that in rodent taste cells,
ATP release is mediated by hemi-channels, likely to be connexin and/or
pannexin hemi-channels (Huang et al., 2007; Romanov et al., 2007). In the taste
bud, Type II cells lack identifiable synapses (Clapp et al., 2006). This evidence
supports a mechanism for non-vesicular release of ATP in the taste bud, most
likely through hemi-channels. The ultrastructure of the taste bud is ideal for cellcell signaling through hemi-channels. Within the taste bud, Type I, Type II, and
Type III taste cells are situated close together and innervated by nerve fibers.
The cytoplasm of one taste cell is in close proximity to the cytoplasm of another.
Structurally, it seems possible for cells in such intimate contact with one another
to signal information via hemi-channels.
Hemi-channels have been observed as sites of ATP release in other
sensory cells types. In the retina, ATP release occurs through connexin-43 gap
junction hemi-channels in the retinal pigment epithelium (Pearson et al., 2005).
Anselmi et al. (2008) found that connexin hemi-channels promote the release of
ATP in the inner ear. Locovei et al. (2006) found that elevated Ca2+ and
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membrane depolarization causes hemi-channel gates to open, resulting in the
release of ATP in erythrocytes. Recent studies show that ATP release occurs in
the same manner in taste cells, as they are both mediated by Ca2+ and voltagegated channels (Huang & Roper, 2010).
Hemi-channel mediated ATP release in taste cells is controversial.
Investigators agree that ATP is a key neurotransmitter in taste cell signaling
(Finger et al., 2005b) and is most likely released through hemi-channels;
however, there is much debate as to whether pannexin-1 or connexins form
these channels (Chaudhari & Roper, 2010). Although pannexins and connexins
are structurally similar, they function differently. Pannexins respond to elevated
levels of Ca2+ while connexin channels only open when intracellular Ca2+ stores
are depleted and remain closed if high levels of Ca2+ are present (Chaudhari &
Roper, 2010). Connexin-26, connexin-30, connexin-32, connexin-43 (Stout et al.,
2002; Tran Van Nhieu et al., 2003; Romanov et al., 2007) and pannexin-1
(Locovei et al., 2006; Romanov et al., 2007) are the only gap junction proteins
that have been implicated in mediating ATP release (Romanov et al., 2007).
Huang et al. (2007) demonstrated that ATP is released via pannexin-1
channels in response to gustatory stimulation. Through the use of a gap junction
hemi-channel blocker, carbenoxolone (Davidson & Baumgarten, 1988), they
were able to confirm ATP release through hemi-channels. RT-PCR (Real Time
Polymerase Chain Reaction) revealed mRNAs (Messenger Ribonucleic Acid) for
connexin-30, connexin-43 and pannexin-1 in taste epithelium; however,
quantitative RT-PCR revealed that only pannexin-1 is “preferentially enriched” in
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taste tissue (Huang et al., 2007). Huang et al. (2007) argues that ATP release
through connexin hemi-channels is unlikely because connexin hemi-channels
only open if extremely low “non-physiological” levels of Ca2+ are present (Barbe
et al., 2006; Peracchia, 2004). Connexin hemi-channels function best when no
intracellular Ca2+ is present, which is unreasonable because cells typically need
Ca2+ for ATP release to occur. Interestingly, connexin-32 is one of the only
connexin that forms channels that open in the presence of high levels of Ca2+
(Bukauskas et al., 2006; Huang et al., 2007).
Romanov et al. (2007) argued that ATP release in taste cells most likely
occurs via connexin hemi-channels; if pannexin channels are involved, they only
release a small amount of ATP and voltage-gated current. RT-PCR showed both
connexins and pannexins were present in taste tissue (Romanov et al., 2007).
They used mimetic peptides, 32GAP27 and 43GAP26, that are thought to inhibit
ATP release from connexin-32 and connexin-43 hemi-channels (Chaytor et al.,
1997, 2001; Laybaert et al., 2003) to study the effects on ATP release (Romanov
et al.,2007). They observed that 32GAP27 had no effect, while 43GAP26 caused a
reduction in outward currents. Octanol, a hemi-channel inhibitor (Eskandari et al.,
2002), also reduced outward currents (Romanov et al., 2007). Carbenoxelone, a
hemi-channel inhibitor with a high affinity for pannexin-1 (Bruzzone et al., 2005),
caused no effect on voltage-gated outwards currents of ATP release, suggesting
that ATP release most likely occurs via connexin, not pannexin-1 hemi-channels
(Romanov et al., 2007). These data are contrary to a study by Huang et al.
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(2007), which suggests that ATP release most like occurs through pannexin-1
channels.
Connexin-32 and connexin-43 are implicated in cell-cell signaling in
multiple tissue types. The ability to demonstrate ATP release via connexin hemichannels was a significant advance (Cotrina et al., 1998; Goodenough & Paul,
2003; Evans et al., 2006). It is now well known that connexin hemi-channel
opening is dependent upon extracellular Ca2+ levels (Quist et al., 2000;
Contreras et al., 2003; Srinivas et al., 2006; Evans et al., 2006).
Connexin-43 has been observed in the mammalian heart, brain, liver and
retina. In astrocytes, it has been associated with Ca2+ wave propagation and ATP
release (Stout et al., 2002). It has also been observed in ATP release in cardiac
myocytes (Clarke et al., 2009) and in other cell types in the heart (Coppen et al.,
1999; Kanagaratnam et al., 2002). Localization of connexins in the retina
demonstrates connexin-43 to be found at every level (Ball & McReynolds, 1998),
and it has also been observed in corneal endothelial cells (Gomes et al., 2005).
Our preliminary data suggest that connexin-43 is present in Type II cells in rat
circumvallate taste buds (Bond et al., 2012).
Connexin-32 has been studied in multiple mammalian systems. It is found
in the brain, where it is expressed in oligodendrocyte and neurons (Aronica et al.,
2001), and in the olfactory bulb. Connexin-32 is known to be one of the major
gap junction proteins for myelinating glia (Aronica et al., 2001) and the liver
(Nicholson et al., 1987; Duffy et al., 2007). Our preliminary data suggest that
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connexin-32 is present in a subset of Type III taste cells and the nerve processes
in rat circumvallate taste buds (Bond et al., 2012).

Hypothesis/Specific Aims:

Although there has been progress in understanding the release of ATP via
hemi-channels in taste cells, the type of hemi-channels found at these sites is still
in question. It is known that gap junction proteins are present in taste cells and
that they form hemi-channels through which ATP is likely released (Huang et al.,
2007; Romanov et al., 2007); however, there is still debate regarding whether
ATP release occurs through pannexin or connexin hemi-channels. We propose
to test the hypothesis that connexin-32 and connexin-43 are present in taste
cells. We believe that Type II (receptor) and some Type III (presynaptic) cells
release non-vesicular ATP through connexin hemi-channels; therefore,
connexins are present at specific locations in Type II and Type III taste cells, as
well as in the nerve processes. With the use of immunocytochemical techniques
for confocal and electron microscopy, we will attempt to complete the following
goals:
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Aim 1: Use confocal microscopy to test if gap junction proteins connexin32 and connexin-43 are present in taste cells and/or nerve processes in rat
circumvallate taste buds.
a. To determine if connexin-32 and connexin-43 label rat circumvallate
taste bud.
b. To determine if connexin-32 and connexin-43 co-localize known taste
cell type markers α-gustducin, PLCβ2, NCAM and P2X2

Aim 2: Use DAB immunoelectron microscopy to test which cell types
express connexin-32 and connexin-43.
a. To determine if connexin-32 and connexin-43 are present in Type II or
Type III cells in rat circumvallate taste buds.
b. To determine if connexin-32 and connexin-43 are present in the nerve
fibers of rat circumvallate taste buds.
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MATERIALS AND METHODS
Adult Sprague-Dawley male rats (250-350 g) were used for these studies.
Animals were cared for and housed in facilities approved by the Institutional
Animal Care and Use Committee of the University of Denver. All animals were
anesthetized with a mixture of sodium ketamine (200mg/kg) and xylazine
(70mg/kg) (i.p.). Primary and secondary antibodies are listed in Tables 1 & 2.

Conventional Immunofluorescence for Confocal Microscopy

Rats were perfused for ten seconds through the left ventricle with 0.1%
sodium nitrite, 0.9% sodium chloride and 100 units sodium heparin in 100 ml
0.1M phosphate buffer (pH 7.3). This was followed by perfusion fixation with 4%
PFA (Paraformaldehyde) in 0.1% phosphate buffer for 10 minutes (Weedman et
al., 1996). All perfusates were warmed to 42oC before use. After perfusion, the
excised circumvallate papillae were fixed in fresh fixative for 3 hours at 4oC. The
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tissues were then cryo-protected with 30% sucrose in 0.1 M phosphate buffer
overnight at 4oC.

Single Labeling

Tissue was frozen in OCT (Optimal Cutting Temperature embedment) and
then sliced on a cryostat into sections 20 µm thick. Cryostat sections containing
circumvallate taste buds were washed in 0.1M phosphate-buffered saline (PBS,
pH 7.3) for thirty minutes, then blocked in 5% normal goat serum and 0.3% Triton
X-100 in 0.1M PBS (pH 7.3) for two hours on ice. The sections were incubated in
either mouse monoclonal connexin-32 or mouse monoclonal connexin-43. Both
antibodies were mixed with 0.1M PBS (pH 7.3) and refrigerated overnight at 4oC.
Tissue was then rinsed in 0.1M PBS (pH 7.3) for thirty minutes. Tissue was
treated with Alexa-Fluor 488 goat anti-mouse IgG and 0.1M PBS (pH 7.3) for one
hour at room temperature. Following this treatment, the tissues were washed in
0.1M PBS (pH 7.3) for 30 minutes. The tissues were then mounted onto glass
slides using Fluoro-Gel with Tris Buffer. All images were viewed using a Zeiss
Axioplan II microscope with an Apotome confocal attachment. The Apotome
captures multiple images in varying grid positions that results in an optical
section through the specimen. Images were taken at 40X magnification using the
Axiocam HRm digital camera and video adaptor.
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Double Labeling

Tissue was frozen in OCT and then sliced on a cryostat into sections 20 µm
thick. Cryostat sections containing circumvallate taste buds were washed in 0.1M
phosphate-buffered saline (PBS, pH 7.3) for thirty minutes, then blocked in 5%
normal goat serum and 0.3% Triton X-100 in 0.1M PBS (pH 7.3) for two hours on
ice. The sections were incubated in a combination of two primary antibodies:
mouse monoclonal connexin-32 was separately incubated with each of the
following antibodies: rabbit polyclonal antibody α-gustducin, rabbit polyclonal
PLCβ2, rabbit polyclonal P2X2, and rabbit polyclonal NCAM. Connexin-43 was
separately incubated with the following antibodies: rabbit polyclonal antibody αgustducin, rabbit polyclonal PLCβ2, rabbit polyclonal P2X2, and rabbit polyclonal
NCAM. All combinations were mixed with 0.1M PBS (pH 7.3) and refrigerated
overnight at 4oC. Tissue was then rinsed in 0.1M PBS (pH 7.3) for thirty minutes.
The sections were treated in a combination of two secondary antibodies in 0.1M
PBS (pH 7.3): Alexa-Fluor 488 goat anti-mouse IgG and Dylight 649 goat antirabbit IgG. The tissues were left in this treatment for one hour at room
temperature. Following this treatment, the tissues were washed in 0.1M PBS (pH
7.3) for 30 minutes. The tissues were then mounted onto glass slides using
Fluoro-Gel with Tris Buffer. All images were viewed using a Zeiss Axioplan II
microscope with an Apotome confocal attachment. The Apotome captures
multiple images in varying grid positions that results in an optical section through

41

the specimen. Images were taken at 40X magnification using the Axiocam HRm
digital camera and video adaptor.

Controls

Tissues were frozen in OCT and then sliced on a cryostat into sections 20
µm thick. Cryostat sections containing circumvallate taste buds were washed in
0.1M phosphate-buffered saline (PBS, pH 7.3) for thirty minutes, then blocked in
5% normal goat serum and 0.3% Triton X-100 in 0.1M PBS (pH 7.3) for two
hours on ice. The sections were incubated in any one of the cell type markers,
leaving out connexin-32 and connexin-43. Antibodies were mixed with 0.1M PBS
(pH 7.3) and refrigerated overnight at 4oC. Tissue was then rinsed in 0.1M PBS
(pH 7.3) for thirty minutes. Tissue was treated with 0.1M PBS (pH 7.3) two
secondary antibodies; Alexa-Fluor 488 goat anti-mouse IgG and Dylight 649 goat
anti-rabbit IgG, for one hour at room temperature. Following this treatment, the
tissues were washed in 0.1M PBS (pH 7.3) for 30 minutes. The tissues were then
mounted onto glass slides using Fluoro-Gel with Tris Buffer. The same procedure
was used to observe any reactivity when incubating tissue in connexin-32 or
connexin-43, leaving out the cell type markers. All images were viewed using a
Zeiss Axioplan II microscope with an Apotome confocal attachment. The
Apotome captures multiple images in varying grid positions that results in an
optical section through the specimen. Images were taken at 40X magnification
using the Axiocam HRm digital camera and video adaptor.
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DAB Staining for Light Microscopy

Rats were perfused for ten seconds through the left ventricle with 0.1%
sodium nitrite, 0.9% sodium chloride and 100 units sodium heparin in 100 ml
0.1M phosphate buffer (pH 7.3). This was followed by perfusion fixation with 4%
PFA in 0.1M phosphate buffer for 10 minutes (Weedman et al., 1996). All
perfusates were warmed to 42oC before use. After perfusion, the excised
circumvallate papillae were fixed in fresh fixative for 3 hours at 4oC. Tissues were
then sliced at 80 µm on the vibratome, followed by thirty minutes of washing in
0.1M phosphate-buffered saline (PBS, pH 7.3). The tissues were blocked in 5%
normal goat serum and 0.3% Triton X-100 in 0.1M PBS (pH 7.3) for two hours on
ice, then incubated in a primary antibody, either mouse monoclonal Connexin-32
or mouse monoclonal Connexin-43 in 0.1M PBS (PH 7.3) overnight at 4oC.
The following day, sections were washed with 0.1M PBS (PH 7.3) for 30
minutes, then incubated in the secondary antibody, biotinylated goat-anti-mouse
IgG in 1M PBS (pH 7.3) on ice for two hours. Sections were then washed for 30
minutes in 1M PBS (pH 7.3). Following these washes, the sections were
incubated in ABC peroxidase reagent complex (Vector) on ice for two hours.
Tissue was washed in 0.1M PBS (PH 7.3) for 30 minutes, then soaked in 0.05%
DAB in 0.05M Tris Buffer (pH 7.2) for ten minutes. Hydrogen peroxide was added
to the DAB-Tris Buffer mixture to yield a concentration of .003% hydrogen
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peroxide in the DAB mixture. Tissue was incubated in this mixture for 5 minutes,
followed by thirty minutes of washing in 0.05M Tris Buffer (pH 7.2). Tissue was
post-fixed for 15 minutes in 1% osmium tetroxide in 0.1M phosphate buffer.
Tissue was then washed in 0.05M sodium maleate buffer (pH 5.2) for forty
minutes. A 2% solution of uranyl acetate in water was prepared, then mixed 1:1
with 0.05M sodium maleate buffer (pH 6.0). Sections were incubated in this
mixture overnight.
The following day, tissue was dehydrated in a graded alcohol series: 50%
ethanol for five minutes, 60% ethanol for five minutes, 75% ethanol for 15
minutes, 85% ethanol for 15 minutes, 95% ethanol for 15 minutes, 100% ethanol
for 15 minutes. Tissue was then washed in propylene oxide for 15 minutes.
Tissue then underwent infiltration using Lufts 5:5 and propylene oxide. First,
tissue was incubated in a 2:1 solution of propylene oxide to Lufts 5:5 for 15
minutes. Then, tissue incubated in a 1:1 solution of propylene oxide to Lufts 5:5
for 15 minutes. Next, tissue incubated in a 1:2 solution of propylene oxide to
Lufts 5:5 for 30 minutes, followed by one hour in pure Lufts 5:5 under a heat
lamp. Finally, tissue was transferred to a new vial containing pure Luft’s for three
hours. Individual sections were then mounted onto gelatin subbed slides. All
slides were placed in the oven at 60°C overnight.
The following day, slides were removed from the oven, cooled, and
separated. Individual sections were viewed under the light microscope and
images were taken using the Zeiss Axiocam 1.
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DAB Staining for Electron Microscopy

Rats were perfused for ten seconds through the left ventricle with 0.1%
sodium nitrite, 0.9% sodium chloride and 100 units sodium heparin in 100 ml
0.1M phosphate buffer (pH 7.3). This was followed by perfusion fixation with 4%
PFA in 0.1% phosphate buffer for 10 minutes (Weedman et al., 1996). All
perfusates were warmed to 42oC before use. After perfusion, the excised
circumvallate papillae were fixed in fresh fixative for 3 hours at 4oC. Tissue was
then sliced at 80µm on the vibratome, followed by thirty minutes of washing in
0.1M phosphate-buffered saline (PBS, pH 7.3). The tissue was blocked in 5%
normal goat serum and 0.3% Triton X-100 in 0.1M PBS (pH 7.3) for two hours on
ice, then incubated in a primary antibody, either mouse monoclonal Connexin-32
or mouse monoclonal connexin-43 in 0.1M PBS (PH 7.3) overnight at 4oC.
The following day, sections were washed with 0.1M PBS (PH 7.3) for 30
minutes, then incubated in the secondary antibody, biotinylated goat-anti-mouse
IgG in 1M PBS (PH 7.3) on ice for two hours. Sections were then washed for 30
minutes in 1M PBS (PH 7.3). Following these washes, sections were incubated
in ABC peroxidase reagent complex (Vector) on ice for two hours. Tissue was
washed in 0.1M PBS (PH 7.3) for 30 minutes, then soaked in 0.05% DAB in
0.05M Tris Buffer (pH 7.2) for ten minutes. Hydrogen peroxide was added to the
DAB-Tris Buffer mixture to yield a concentration of .003% hydrogen peroxide in
the DAB mixture. Tissue was incubated in this mixture for 5 minutes, followed by
thirty minutes of washing in 0.05M Tris Buffer (pH 7.2). Tissue was post-fixed for
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15 minutes in 1% osmium tetroxide in 0.1M phosphate buffer. Tissue was then
washed in 0.05M sodium maleate buffer (pH 5.2) for forty minutes. A 2% solution
of uranyl acetate in water was prepared, then mixed 1:1 with 0.05M sodium
maleate buffer (pH 6.0). Sections were incubated in this mixture overnight.
The following day, tissue was dehydrated in a graded alcohol series: 50%
ethanol for five minutes, 60% ethanol for five minutes, 75% ethanol for 15
minutes, 85% ethanol for 15 minutes, 95% ethanol for 15 minutes, 100% ethanol
for 15 minutes. Tissue was then washed in propylene oxide for 15 minutes.
Tissue then underwent the infiltration process using Lufts 5:5 and propylene
oxide. First, tissue incubated in a 2:1 solution of propylene oxide to Lufts 5:5 for
15 minutes. Then, tissue incubated in a 1:1 solution of propylene oxide to Lufts
5:5 for 15 minutes. Next, tissue incubated in a 1:2 solution of propylene oxide to
Lufts 5:5 for 30 minutes, followed by one hour in pure epon under a heat lamp.
Finally, tissue was transferred to a new vial containing pure Luft’s for three hours.
Individual sections were then mounted onto gelatin subbed slides. All slides were
placed in the oven at 60°C overnight.
The following day, slides were removed from the oven, cooled, and
separated. All sections were re-embedded using Lufts 5:5, then placed in the
oven at 60°C overnight. The next morning, blocks of tissue were removed from
the oven, cooled, and separated from the slides. Blocks were trimmed to prepare
for slicing on the microtome. Tissue was sliced onto microtome into thin sections.
Each section was placed onto a grid and viewed with the Hitachi H-7000
transmission clectron microscope at 75 kV.
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Table 1: Primary Antibodies
Antibodies

Species

Dilution

α-Gustducin
PLCβ2
NCAM
P2X2
Connexin-32
Connexin-43

Rabbit
Rabbit
Rabbit
Rabbit
Mouse
Mouse

1:100
1:100
1:100
1:100
1:100
1:100

Source
Santa Cruz Biotech.
Transduction Lab.
Sigma
Alamone
Sigma
Sigma

Code No.
SC-395
610313
058K4841
APR-300
C6344
C8093

Table 2: Secondary Antibodies
Antibodies/Stains

Species

Dilution

Source

Code No.

Dylight 649 IgG
Alexa-Fluor 488 IgG
Biotin-SP- IgG

Rabbit
Mouse
Mouse

1:100
1:100
1:100

Jackson
Jackson
Jackson

111-495-144
115-545-166
115-065-166
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RESULTS
General Features of Connexin-32 and Connexin-43 in Taste Cells and/or
Nerve Processes

Connexin-32 is present in a small subset of taste cells and in the nerve
fibers of rat circumvallate taste buds (Fig. 7). The immunoreactive taste cells are
slender, with elongate nuclei and prominent nuclear invaginations.
Immunoreactivity in the nerve fibers extends the entire span of the taste bud,
beginning at the basal lamina and terminating at the taste pore.
Connexin-43 is also present in a subset of taste cells in rat circumvallate
taste buds (Fig. 8). The immunoreactive taste cells are spindle-shaped, with
large, ovoid nuclei, which is characteristic of Type II cells. Staining is punctate in
the apical area of the cell and in the area surrounding the nucleus in some
immunoreactive cells.

48

Double-Label Studies of Connexin-32 and Connexin-43 with NCAM

Neural Cell Adhesion Molecule (NCAM) is produced by receptor cells and
thought to contribute to the development of specific connections in gustatory
tissue (Nelson & Finger, 1993). NCAM is known to label the membrane along the
surface of Type III cells.
Connexin-32 is expressed in the cytoplasm and nuclei of immunoreactive cells
(Figs. 11). Connexin-32 co-localizes with a subset of NCAM-LIR cells. Connexin32 immunoreactivity is present in nerve fibers, extending from the basal lamina to
the taste pore (Fig. 11).
Connexin-43-LIR cells do not co-localize with NCAM-LIR cells (Fig. 12).
Connexin-43 immunoreactivity is expressed in a punctate staining pattern in a
subset of cells that do not display NCAM immunoreactivity (Fig. 12).
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Figure 7
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Figure 7: A & B: DAB immunoelectron micrographs showing Type III
cells (III) and nerve fibers (arrows), displaying connexin-32-LIR. Scale
bars = 5 µm (A) and 1 µm (B)
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Figure 8
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Figure 8: A & B: DAB immunoelectron micrographs showing Type II
cells (II) displaying connexin-43-LIR. Inset: staining of microvilli (arrow).
Scale bars = 2 µm.
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Double-Label Studies of Connexin-32 and Connexin-43 with P2X2

P2X2 is an ionotropic purinergic receptor that is present in gustatory
tissue. Recent evidence indicates that P2X2 immunoreactivity is expressed in
intragemmal nerve processes in rodent taste buds (Yang et al., 2012 in press).
Thus, we use P2X2 in this study as a nerve fiber marker.
Connexin-32-LIR nerve fibers co-localize with P2X2-LIR nerve fibers (Fig.
13). Most of the nerve processes, which extend from the basal lamina to the
taste pore, display connexin-32 and P2X2 immunoreactivity (Fig. 13). There is a
subset of immunoreactive cells that are slender with elongate nuclei (Fig. 13).
The morphology of these immunoreactive cells suggests that they are Type III
cells.
Connexin-43-LIR cells do not co-localize with P2X2-LIR nerve fibers (Fig.
14). Connexin-43-LIR immunoreactivity appears as a punctate staining pattern in
suggests that connexin-43 is not expressed in the nerve processes of rat
circumvallate taste buds.
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Figure 9: Image showing a single label study of connexin-32. Scale
bar = 20 55
m

Figure 10: Image showing a single label study of connexin-43.
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Figure 11
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Figure 11: Confocal Image showing the co-localization of connexin-32
and NCAM. A. Connexin-32-LIR (green). B. NCAM-LIR (red). C. Merged
Image. Type III cells (arrows). Nerve processes (arrowheads). Scale bar
= 20 m.
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Figure 12
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Figure 12: Confocal Image showing the co-localization of connexin-43
and NCAM. A. Connexin-43-LIR (green). B. NCAM-LIR (red). C. Merged
Image. Type III cells (arrowheads). Scale bar = 20 m.
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Figure 13
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Figure 13: Confocal Image showing the co-localization of connexin-32
and P2X2. A. Connexin-32-LIR (green). B. P2X2-LIR (red). C. Merged
Image. Type III cells (arrows). Nerve processes (arrowheads). Scale bar
= 20 m.
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Figure 14
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Figure 14: Confocal Image showing the co-localization of connexin-43
and P2X2. A. Connexin-43-LIR (green). B. P2X2-LIR (red). C. Merged
Image. Nerve processes (arrowheads). Scale bar = 20 m.
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Double-Label Studies of Connexin-32 and Connexin-43 with α-gustducin

α-gustducin is a guanine nucleotide-binding protein (G-protein) that plays
a key role in taste transduction. It is expressed in a subset of Type II cells in rat
circumvallate taste buds (Yang et al., 2000; Clapp et al., 2001, 2004; Miyoshi et
al., 2001). We are using α-gustducin as a Type II cell marker in this study.
Connexin-32-LIR cells do not co-localize with α-gustducin-LIR cells (Fig.
15). There is a subset of connexin-32-LIR cells that are slender with elongate
nuclei, suggesting that they are Type III cells (Fig. 15). There is also connexin-32
immunoreactivity in the nerve fibers that extend from the basal lamina to the
taste pore (Fig. 15). There is a small portion of punctate staining of connexin-32
on some α-gustducin-LIR cells. This punctate staining is insignificant and can
most likely be attributed to non-specific staining of the golgi apparatus. (Fig. 15)
Connexin-43-LIR is present in α-gustducin-LIR cells (Fig. 16). Connexin43 labels the cytoplasm of the cell (Fig. 16). In the apical region of the cell and
sometimes surrounding the nucleus in connexin-43-LIR cells, the staining has a
punctate nature (Fig. 16). There is a small subset of connexin-43-LIR cells that
do not display α-gustducin immunoreactivity (Fig. 16). The connexin-43 staining
pattern in these cells is similar to the staining pattern displayed in connexin-43LIR cells that co-localize with α-gustducin-LIR cells (Fig. 16). These results
suggest that connexin-43 is expressed in a larger subset of Type II cells than αgustducin.
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Figure 15
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Figure 15: Confocal Image showing the co-localization of connexin-32
and -gustducin. A. Connexin-32-LIR (green). B. -gustducin-LIR (red).
C. Merged Image. Type III cells (arrows). Nerve processes
(arrowheads). Scale bar = 20 m.
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Figure 16
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Figure 16: Confocal Image showing the co-localization of connexin-43
and -gustducin. A. Connexin-43-LIR (green). B. -gustducin-LIR (red).
C. Merged Image. Type II cells (arrowheads). Scale bar = 20 m.
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Double-Label Studies of Connexin-32 and Connexin-43 with PLCβ2

PLCβ2 (phospholipase C β2) is a key signaling molecule in the
transduction of taste. In the taste bud, PLCβ2 is a known marker for Type II cells
(Yang et al., 2000; Clapp et al., 2001, 2004; Miyoshi et al., 2001). Although
PLCβ2 and α-gustducin are both present in Type II cells, PLCβ2 is expressed in
a much larger subset.
Connexin-32-LIR cells do not co-localize with PLCβ2-LIR cells (Fig. 17).
Connexin-32 immunoreactive cells are slender with elongate nuclei, suggesting
that they are most likely Type III cells (Fig. 17). There is also connexin-32
immunoreactivity in the nerve fibers that extend from the basal lamina to the
taste pore (Fig. 17).
Connexin-43-LIR cells also display PLCβ2-LIR (Fig. 18). Connexin-43 appears to
label the cytoplasm of the cell (Fig. 18). In some areas of the connexin-43
immunoreactive cells, the staining is punctate in nature (Fig. 18). Connexin-43LIR is only present in a subset of PLCβ2-LIR cells. These results suggest that
connexin-43 is expressed in a subset of Type II cells that slightly differs from the
population of PLCβ2-LIR cells because there are more PLCβ2- LIR cells than
connexin-43-LIR cells.
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Figure 17
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Figure 17: Confocal image showing the co-localization of connexin-32
and PLC 2. A. Connexin-32-LIR (green). B. PLC 2 (red). C. Merged
Image. Type III cells (arrows). Nerve process (arrowhead). Scale bar =
20 m
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Figure 18
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Figure 18: Confocal image showing the co-localization of connexin-43
and PLC 2. A. Connexin-43-LIR (green). B. PLC 2-LIR (red). C. Merged
Image. Type II cells (arrowheads). Scale bar = 20 m.
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Figure 19
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Figure 19: Connexin-32 and Connexin-43 control images for
immunocytochemical studies. A. Connexin-32 (green). B. No primary
antibody (red). C. Merged image of connexin-32 (green + red). D.
Connexin-43 (green). E. No primary antibody (red). F. Merged image of
connexin-43 (green + red). Scale bar = 20 m.
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Figure 20
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Figure 20: Secondary antibody control images for immunocytochemical
studies. A. No primary antibody (green). B. -gustducin (red). C. Merged
image of -gustducin (green + red). D. No primary (green). E. PLC 2
(red). F. Merged image of PLC 2-(green + red). Scale bar = 20 m
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DAB for Light Microscopy

Connexin-32

DAB results for connexin-32 are consistent with the immunofluorescence
double-label studies with α-gustducin, PLCβ2, NCAM, and P2X2. Connexin-32
expression is visible in Type III cells of rat circumvallate papillae and in the nerve
processes (Fig. 21). There appears to be a much larger population of connexin32 immunoreactive cells in the DAB studies than in the immunofluorescence
studies. This is most likely due to the fact that the tissue slices for DAB
techniques for light microscopy are generally 60-70 microns think, while tissue
slices for immunofluorescence are only 20 µm thick. Thicker tissue is expected to
have a larger population of taste cells. These results confirm the
immunofluorescence data and suggest that connexin-32 is present in Type III
cells and nerve processes in rat circumvallate taste buds.

Connexin-43

DAB results for connexin-43 are consistent with the immunocytochemical
findings on the confocal level. The staining pattern expressed by connexin-43
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Figure 21: A & B: DAB for light microscopy images showing
connexin-32-LIR. Scale bar = 20 m.
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when colocalized with α-gustducin, PLCβ2, NCAM, and P2X2 is the same
pattern that is expressed using DAB light microscopy. Connexin-43 expression is
seen in Type II taste cells (Fig. 22). A punctate staining pattern appears in the
apical regions of the Type II taste cells. There appears to be DAB staining in the
cytoplasm of the entire cell. These results confirm the findings of the
immunofluorescence studies and suggest that connexin-43 is present in Type II
cells in rat circumvallate papillae.

DAB for Electron Microscopy

Connexin-32

In the taste bud, connexin-32 appears to label a subset of Type III cells
and nerve fibers (Fig. 7). The nerve fibers appear to innervate cells that are
morphologically different. Some of the cells have large, ovoid nuclei while others
cells have elongate nuclei. The cells with large, ovoid nuclei have clear,
translucent cytoplasm, suggesting that nerve fibers with DAB staining are
innervating Type II cells. The cells with elongate nuclei have electron-dense
cytoplasm, suggesting that they are Type III cells. The Type III cells are
innervated by nerve fibers in the taste bud (Fig.7). In Figure 7A, Connexin-32
appears to stain the cytoplasm and nuclei in Type III cells; however, high
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Figure 22: A & B: DAB for light microscopy images showing
connexin-43-LIR. Scale bar = 20 m.
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magnification of a Type III cell suggests that Connexin-32 is only present in the
cytoplasm (Fig. 7). In Figure 7A, Connexin-32 appears to stain the cytoplasm and
nuclei in Type III cells; however, high magnification of a Type III cell suggests
that Connexin-32 is only present in the cytoplasm (Fig. 7). There is DAB staining
of the cytoplasm in the nuclear invagination of this Type III cell, while the nucleus
itself does not show any DAB staining (Fig. 7).
A high magnification image of DAB staining of connexin-32 shows that
connexin-32 is present in a cell with a prominent nuclear invagination, indicating
that connexin-32 in present in a Type III cell (Fig. 7B). There appear to be other
cells with the ultrastructural features of a Type IIIs cell within the taste bud;
however, they don’t seem to express connexin-32. The only other reactivity
expressed in this group of cells is in the surrounding nerve fibers (Fig. 7). This
indicates that connexin-32 is only present in a subset of Type III cells. These
results support the findings of the immunofluorescence experiments and DAB for
light microscopy, confirming that connexin-32 is present in a subset of Type III
cells and the nerve processes of rat circumvallate papillae.

Connexin-43

In the taste bud, connexin-43 appears to label only Type II cells (Fig. 8).
As seen in the immunofluorescence, DAB staining is expressed in the whole cell
and has a punctate nature in the apical regions (Fig. 8). High magnification of a
group of taste cells shows two cells expressing Connexin-43 (Fig. 8). These cells
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can be distinguished as Type II cells based on their large, ovoid nuclei. All of the
cells that appear to express connexin-43 have the same characteristic large,
round nuclei of Type II taste cells. The staining in the cytoplasm of the nuclei is
clear and translucent, further supporting the evidence that cells expressing
connexin-43 are Type II cells. The microvilli (Fig. 8, inset) are short and
clustered, a characteristic of Type II cell microvilli. Consistent with
immunofluorescence studies and DAB for light microscopy observations, staining
is expressed in the cytoplasm of the cell and in a punctate nature (Fig 8). There
are other taste cell types and nerve processes present within this group of cells,
but connexin-43 appears to be present in only the two Type II cells. Interestingly,
there are other cells in Figure 8 that exhibit the structural characteristics of Type
II cells; however, they do not appear to have any connexin-43-LIR. Since not all
Type II cells are positive for connexin-43 DAB staining, it appears that connexin43 is only present in a subset of Type II cells.
In another high magnification image, two Type II cells, once again
distinguished by their large, round, ovoid nuclei, appear to be in close contact
with one another (Fig. 8). Similar to the other DAB immunoelectron micrographs,
the staining of these Type II cells is expressed in the cytoplasm of the whole cell.
There is also a punctate staining pattern that only appears to be present in the
apical area of these two cells (Fig.8). It is not known why the staining in a
punctate nature or why this staining is expressed in the apical area of the cell. As
seen in Figure 8A, there is staining of a short cluster of microvilli, suggesting that
the microvilli are in a Type II cell. The staining of the microvilli further support that
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connexin-43 is expressed in the entire cell and that connexin-43 is present in
Type II cells. Based on these results and immunohistochemical studies,
connexin-43 is present in Type II cells in rat circumvallate papillae.
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DISCUSSION

Summary of the Results

This study demonstrates that taste tissue expresses connexin-32-LIR and
connexin-43-LIR. Based on these data, connexin-32 is present in Type III cells
and nerve processes. The results also indicate that connexin-43 is present in
Type II cells. The co-localization of connexin-32-LIR and connexin-43-LIR with
other taste cell markers in circumvallate taste buds is summarized in Figure 23.
This diagram also refers to previous studies (Yee et al., 2001, 2003, Clapp et
al.,2003, Yang et al.,2004).
Immunofluorescence studies indicate that connexin-32 does not colocalize with α-gustducin or PLCβ2 (Type II cell markers). Connexin-32-LIR is
present in a subset of NCAM-LIR cells (Type III cell marker) and P2X2-LIR nerve
processes (nerve fiber marker). Connexin-32 appears to label the entire cell and
nucleus of a subset of Type III cells, as well as many of the nerve fibers. DAB
immunoelectron microscopy studies support these results, confirming that
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Figure 23

Connexin-43

Connexin-32
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Figure 23: Diagram showing known taste cell type markers in rat
circumvallate papillae (Yang, 2006). In the present study, we used
PLC 2, gustducin, and NCAM. Nerve fibers markers are not shown.
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connexin-32 is present in a subset of Type III cells and nerve processes. High
magnification images of the whole taste bud show connexin-32 DAB staining in
Type III cells and in multiple nerve fibers that innervate taste cells (Fig. 7).
Connexin-43 immunoreactivity differs greatly from the connexin-32
immunoreactivity. Immunofluorescence studies show that connexin-43 does not
co-localize with NCAM (Type III cell marker) or P2X2 (nerve fiber marker).
Connexin-43-LIR co-localizes with α-gustducin-LIR and PLCβ2-LIR (Type II cell
markers). Connexin-43-LIR cells appear to be present in the cytoplasm of the
cell. There is also a punctate staining pattern that is displayed in some areas of
connexin-43-LIR cells. Unlike immunofluorescence studies with connexin-32-LIR
cells, there appears to be no labeling of the nuclei in connexin-43-LIR cells. DAB
immunoelectron microscopy studies confirm these results. A high magnification
electron micrograph (Fig. 8) shows Type II cells showing connexin-43 DAB in the
cytoplasm of the cell with a punctate staining pattern.
From these results, we conclude that connexin-32 is expressed in Type III
cells and nerve processes and connexin-43 is present in Type II cells in rat
circumvallate papillae.

Connexin-32 and Connexin-43 in Taste Cell Types

Connexins are gap junction proteins that have been implicated in a variety
of functions in various tissue types. When six connexin subunits assemble
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together, they form a connexon, which functions as a hemi-channel. One
connexon can associate with another connexon to form a heteromeric or
homomeric channel, which results in a gap junction. Connexin gap junctions
allow the passage of molecules with a molecular weight that is less than 1kDa
(ions, second messengers, etc.) Currently, there are 21 known connexin
isoforms in vertebrates. Their cellular functions vary based on tissue type and the
system in which they are expressed. Not all connexins are found in every tissue
type. For example; connexin-36, connexin-43 and connexin-45 have been
localized to olfactory tissue (Rash et al., 2005); however, RT-PCR shows that
connexin-45 is not detectable at significant levels in gustatory tissue (Romanov
et al., 2007; Huang et al., 2007) and data in this present study indicate that
connexin-36 is also lacking in taste tissue (data not shown). It is still unclear as to
which connexin isoforms are present in taste tissue. Furthermore, their role in
transduction of taste has yet to be fully elucidated. Previous studies implicate
connexin-26, connexin-30, connexin-32 and connexin-43 to play a role in
mediating the release of ATP (Stout et al., 2001; Tran Van Nhieu et al., 2003;
Kim et al., 2005). Romanov et al. (2007) suggests that connexin-43 is likely the
connexin responsible for mediating ATP release in taste cells. Huang et al.
(2007) argues against this idea, instead proposing that pannexin-1 is more likely
to mediate ATP release in taste cells.
Many studies support ATP release through pannexin-1 channels instead
of connexin hemi-channels based on the evidence showing that connexin hemichannels only respond to low levels of intracellular Ca2+ (Dahl & Locovei, 2006;
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Dando & Roper, 2009). Interestingly, connexin-32, a connexin that we find in
Type III cells and nerve processes in this study, is the only known connexin that
responds to elevated levels of Ca2+ (De Vuyst et al., 2005; Baukauskas et al.,
2006). IP3 (inositol-1,4,5-trisphosphate) has been implicated in ATP release in
brain epithelial cells (Braet et al., 2003, 2004; De Vuyst et al., 2005). In taste
cells, IP3 acts as a second messenger in the transduction of sweet, bitter and
umami taste. It is possible that IP3 could play a role in mediating ATP release
through connexin hemi-channels in taste cells; however, this has not yet been
studied.
There are studies that argue against ATP release via pannexin-1 channels
and support connexin hemi-channels as mediators of ATP release based on
kinetics. Romanov et al. (2008) reported that Type II cells secrete ATP through
channels that are slow-activating with no inactivation. Studies show that
pannexin-1 channels are fast-activating with a strong inactivation (Bruzzone et al.,
2003, 2005; Romanov et al., 2008). Only connexin hemi-channels have been
observed to be slow-activating (Castro et al., 1999; Valiunas & Weingart, 2000;
Valiunas, 2002; Bader & Weingart, 2004; Essendelder et al., 2004; Bruzzone et
al., 2005; Romanov et al., 2007, 2008), leading some investigators to believe that
connexin hemi-channels are responsible for mediating ATP release in taste cells.
If the experimental models truly mimic the environmental conditions of the cell,
then this evidence strongly supports ATP release via connexin, not pannexin-1,
hemi-channels.
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The present study indicates that connexin-32 and connexin-43 are present
in subsets of taste cells and/or nerve processes. Based on the ultrastructural
features of the taste bud, connexin-32 is present in nerve fibers. These structures
appear to be in intimate contact with cells that structurally represent Type II and
Type III cells in the taste bud (Fig. 2). Connexin-32-LIR cells examined in this
study most commonly exhibit an elongate shape, with slender nuclei and
prominent nuclear invaginations, which are common features of Type III cells.
However, connexin-43-LIR cells exhibit different structural features than
connexin-32-LIR cells. Connexin-43-LIR cells appear to have large, ovoid nuclei
and are spindle-shaped, which is characteristic of Type II cells.

Co-localization of Connexin-32 and Connexin-43 with Type II Cell Markers

In order to determine if the connexins in this study are present in taste
cells responsible for transducing a signal (Type II cells), connexin-32 and
connexin-43 were tested for colocalization with known Type II cell markers.
Tastants interact with G-protein coupled receptors. These receptors contain three
important molecules: α-gustducin, β3, and γ13. These molecules activate PLCβ2,
which then results in the production of second messengers (IP3 and DAG) to be
produced (Huang et al., 1999; Yang et al., 2004). In the present study, connexin43 and connexin-32 were co-localized with PLCβ2 and α-gustducin. No colocalization was observed between connexin-32 and these Type II cell markers.
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However, connexin-43-LIR cells are present in a subset of PLCβ2-LIR cells and a
subset of α-gustducin-LIR-cells.
Type II cells are one of the receptor cells that respond to gustatory stimuli
in the taste bud. Only Type II taste cells have been observed to release ATP in
response to depolarization (Romanov et al., 2007). Based on this evidence and
the hypothesis that ATP is released via connexin hemi-channels, we would
expect connexin to be present in Type II cells. This may explain why the results
of this study indicate that connexin-43 is present in Type II cells.
Romanov et al. (2007) used the connexin-43 mimetic peptide, 43GAP26,
which is believed to inhibit the release of ATP via connexin-43 hemi-channels
(Chaytor et al., 1997, 2001; Laybaert et al., 2003), on taste cells expressing
connexin-43. They found that 43GAP26 caused a reduction in Ca2+ responses to
the ATP biosensor and outward current (Romanov et al., 2007). If ATP is
released from Type II (receptor) cells in the taste bud and the connexin-43
mimetic peptide effectively inhibits ATP release, then these data further support
our findings that connexin-43 is present in Type II cells. The results of this study
combined with evidence from Romanov et al. (2007) indicate that connexin-43
could possibly play a role in cell-cell communication and signal transduction in rat
circumvallate papillae.
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Connexin-32-LIR Co-localizes with a Type III Cell Marker and a Nerve Fiber
Marker

In order to determine if connexins in this study are present in cells that
form synapses onto nerve fibers, connexin-32 and connexin-43 were co-localized
with NCAM, a known Type III cell marker and P2X2, a known nerve fiber marker.
No co-localization was observed between connexin-43 and NCAM. Connexin-43
also did not co-localize with P2X2. However, connexin-32-LIR cells were
expressed in a small subset of NCAM-LIR-cells. Also, connexin-32-LIR nerve
fibers were expressed in P2X2-LIR-nerve fibers. Based on these results, it
seems that connexin-32 is expressed only in Type III cells and nerve fibers in rat
circumvallate papillae.
Contrary to our data, RT-PCR in other studies showed that connexin-32 is
either not expressed in taste tissue or is expressed in insignificant amounts
(Romanov et al.,2007; Huang et al.,2007). The discrepancy in the data could be
due to the fact that other studies have been conducted in mice whereas our
experiments are conducted on rats. Yang et al. (2007) observed significant
differences in the amount of taste cells expressing signaling molecules between
rats and mice. These differences are most likely a result of differences in the
processing of gustatory stimuli (Yang et al., 2007) and may explain why other
studies have not observed connexin-32 expression in taste cells.
Connexin-32 mimetic peptide, 32GAP27, is believed to inhibit the release
of ATP via connexin-32 hemi-channels (Laybaert et al., 2003; De Vuyst et al.,
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2006). Romanov et al. (2007), applied 32GAP27 to taste tissue, but no effects
were observed. However, 32GAP27 was only applied to receptor cells; the effects
of 32GAP27 on Type III cells were never studied. Our results indicate that
connexin-32 is present in Type III cells and nerve fibers, so even with this
contradictory data, it is possible that connexin-32 is present in taste cells and
may play a roll in cell-cell signaling.
Connexin-32 has been observed to play a role in the myelination of nerve
fibers (Martini & Carenini, 1998). It is also expressed in some neurons in the
brain (Dermietzel et al., 1989). In the female rat, connexin-32 was observed in
gonadotropin-releasing hormone neurons, suggesting a mechanism through
which gonadotropin-releasing neurons could be synchronized (Hosny & Jennes,
1998). It is possible that in rat circumvallate taste buds, connexin-32 provides a
mechanism through which neurotransmitters or other signals can be distributed
to neurons and other taste cells.

Conclusions

Type II cells lack identifiable synapses and SNAP-25, the presynaptic
protein found in gustatory tissue (Clapp et al., 2006; De Fazio et al., 2006).
Moreover, studies show that unlike Type II cells, Type III cells form “classical
synapses onto nerve processes (Yang et al., 2000a; Yee et al., 2001). Type II
cells respond to bitter, sweet, and umami taste stimuli (Clapp et al., 2004, 2006),
indicating that Type II cells must utilize non-vesicular mechanisms to
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communicate with other cells and nerve fibers. In the gustatory system, ATP is a
key neurotransmitter in taste signaling (Finger et al., 2005b) and is released via
specific channels in taste cells. The most likely candidates are pannexin and/or
connexin hemi-channels (Huang et al., 2007; Romanov et al., 2007). Therefore,
cell-to-cell communication is likely mediated through hemi-channels. Based on
the ultrastructure of the cells examined in this study, we believe that connexin-32
is present in Type III cells and nerve fibers, and that connexin-43 is present in
Type II cells. It is possible that these connexins play a role in cell-cell signaling
and transduction in gustatory tissue. Figure 24 depicts a hypothesized
mechanism for cell signaling in taste cells.
Romanov et al. (2007) found evidence for a population of taste cells that
release ATP in a manner that is voltage dependent and Ca2+ independent. They
also found strong evidence that voltage-gated outward currents and ATP release
that is elicited by depolarization is mediated by connexin hemi-channels. Based
on this research, the presence of connexin-32 and connexin-43 in rat
circumvallate papillae may suggest that these connexins play a role in mediating
ATP release in taste cells. On the other hand, studies show that pannexin-1 has
also been implicated in ATP release in taste cells. Huang et al. (2007) showed
that when a gustatory stimulus is applied, receptor cells will secrete ATP through
pannexin-1 channels, which triggers the release of 5-HT from presynaptic cells.
These findings indicate that pannexin-1 channels, not connexin hemi-channels,
mediate ATP release in taste cells. Murata et al. (2010) found that action
potentials in Type II cells enhanced ATP release through pannexin-1, not
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connexin hemi-channels. Dando & Roper (2009) support these data, showing
that pannexin-1 channels blockers reduce cell-cell signaling while connexin hemichannel blockers have no effect. Previous work in our lab suggests that
pannexin-1 is present in Type II and Type III cells (Yang et al., 2010); however,
antibody restrictions made it impossible to obtain more of this antibody, thus
preventing further study. It is possible that both connexin and pannexin hemichannels are responsible for mediating ATP release and cell – cell signaling in
taste cells.
Unfortunately, much of the evidence used to study the significance of
connexin hemi-channels is circumstantial because it relies on gap junction
channel blockers and the influx of fluorescent molecules (Spray et al.,2006;
Scemes et al., 2007). These characteristics are shared by all gap junction protein
family members, making it much more difficult to study gap junction proteins.
Another obstacle in studying gap junction proteins is that research is conducted
on cells that are isolated and manipulated for experimental use, therefore
resulting in skewed environmental conditions and an inability to handle extended
periods of ATP release (Goodenough & Paul, 2003; Evan et al., 2006). Future
studies will help to clarify the presence of connexins in taste cells and their role in
cell-to-cell communication. Colloidal gold studies will provide the ability to localize
connexin-32 and connexin-43 in the taste bud. We hope that further study will
provide a link to the role of connexin in cell-cell signaling and lead to gap junction
research that is less circumstantial.
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Figure 24: Diagram showing proposed mechanism of ATP release through
hemi-channels (Romanov et al.,2007)

98

Literature Cited
Anselmi, F., Hernandez, V. H., Crispino, G., Seydel, A., Ortolano, S., Roper, S.
D., Mammano, F. (2008). ATP release through connexin hemichannels
and gap junction transfer of second messengers propagate Ca2+ signals
across the inner ear. PNAS, 105(48), 18770-18775.
Aronica, E., Gorter, J. A., Jansen, G. H., Leenstra, S., Yankaya, B., & Troost, D.
(2001). Expression of connexin 43 and connexin 32 gap-junction proteins
in epilepsy-associated brain tumors and in the perilesional epileptic cortex.
Acta Neuropathol, 101(5), 449-59.
Bader, P., & Weingart, R. (2006). Pitfalls when examining gap junction
hemichannels: interference from volume-regulated anion channels.
Pflugers Archiv European Journal of Physiology, 452(4), 396-406.
Ball, A. K., & McReynolds, J. S. (1998). Localization of gap junctions and tracer
coupling in retinal Müller cells. J Comp Neurol, 393(1), 48-57.
Bao, L., Locovai, S., & Dahl, G. (2004). Pannexin membrane channels are
mechanosensitive conduits for ATP. FEBS Lett, 572, 65-68.
Baranova, A., Ivanov, D., Petrash, D., Pestova, A., Skoblov, M., Kelmanson, I.,
Litvin, O. (2004). The mammalian pannexin family is homologous to the
invertebrate innexin gap junction proteins. Altering electrical connections
in the nervous system of the pteropod mollusc Clione limacina by neuronal
injections of gap junction mRNA. A ubiquitous family of putative gap
junction molecules. Genomics, 83, 706-716.
Barbe, M. T., Monyer, H., & Bruzzone, R. (2006). Cell-cell communication
99

beyond connexins: the pannexin channels. Physiology (Bethesda), 21,
103-4114.
Barrio, L. C., Suchyna, T., Bargiello, T., Xu, L. X., Roginski, R. S., Bennett, M. V.,
& Nicholson, B. J. (1991). Gap junctions formed by connexin-26 and
connexin-32 alone and in combination are differently affected by voltage.
Proc Natl Acad Sci, 88, 8410-8414.
Behrens, M., Foerster, S., Staehler, F., Raguse, J. D., & Meyerhof, W. (2007).
Gustatory expression pattern of the human TAS2R bitter receptor gene
family reveals a heterogenous population of bitter responsive taste
receptor cells. J Neurosci, 27, 12630-12640.
Beidler, L. M. (1969). Innervation of rat fungiform papilla. In C. Pfaffmann (Ed.),
Olfaction and Taste III (pp. 354-369).
Beidler, L. M., & Smallman, R. L. (1965). Renewal cells within taste buds. J Cell
Biol, 27, 263-272.
Bennett, M. V., Spira, M. E., & Spray, D. C. (1978). Permeability of gap junctions
between embryonic cells of Fundulus: A re-evaluation. Developmental
Biology, 65(1), 114-125.
Beyer, E. C., Paul, D. L., & Goodenough, D. A. (1987). Connexin 43: a protein
from rat heart homologous to a gap junction protein from liver. JCB, 105(6),
2621-2629.
Bo, X.N., Alavi, A., Xiang, Z.H., Oglesby, I., Ford, A., Burnstock, G. (1999).
Localization of ATP-gated P2X(2) and P2X(3) receptor immunoreactive
nerves in rat taste buds. Neuroreport. 10: 1107-1111.
100

Bond, A. E., Yang, R., & KInnamon, J. C. (2012). Connexin-32 and connexin-43
immunoreactivity in taste buds. Unpublished raw data, University of
Denver, Denver CO.
Bouvier, D., Spagnol, G., Chenavas, S., Kieken, F., Vitrac, H., Brownell, S.,
Sorgen, P. L. (2009). Characterization of the structure and intermolecular
interactions between the connexin 40 and connexin 43 carboxy-terminal
and cytoplasmic loop domains. J Biol Chem, 284, 34257-3427.
Bradley, R. M., Mistretta, C. M., Bates, C. A., & Killackey, H. P. (1985).
Transganglionic transport of HRP from the circumvallate papilla of the rat.
Brain Res, 361, 154-161.
Braet, K., Aspeslagh, S., Vandamme, W., Willecke, K., Martin, P. E., & Evans, W.
H. (2003). Pharmacological sensitivity of ATP release triggered by
photoliberation of inositol-1,4,5-trisphosphate and zero extracellular
calcium in brain endothelial cells. J Cell Physiol, 197(2), 205-213.
Bruzzone, R., Barbe, M. T., Jakob, N. J., & Monyer, H. (2005). Pharmacological
properties of homomeric and heteromeric pannexin hemichannels
expressed in Xenopus oocytes. J Neurochem, 92, 1033-1043.
Bruzzone, R., Hormuzdi, S. G., Barbe, M. T., Herb, A., & Monyer, H. (2003).
Pannexins, a family of gap junction proteins expressed in brain. Proc Natl
Acad Sci, 100(23), 13644–13649.
Bukauskas, F. F., Kreuzberg, M. M., Rackauskas, M., Bukauskiene, A., Bennett,
M. V., Verselis, V. K., & Willecke, K. (2006). Properties of mouse connexin
30.2 and human connexin 31.9 hemichannels: implications for
101

antrioventricular conduction in the heart. Proc Natl Acad Sci, 103, 97269731.

Burra, S., & Jiang, J. X. (2011). Regulation of cellular function by connexin
hemichannels. Int J Biochem Mol Bio, 2(2), 119-128.
Caicedo, A., Kim, K. N., & Roper, S. D. (2002). Individual mouse taste cells
respond to multiple chemical stimuli. J Physiol (Lond), 544, 501-509.
Caicedo, A., & Roper, S. D. (2001). Taste receptor cells that discriminate
between bitter stimuli. Science, 291, 1557-1560.
Cascio, M., Kumar, N. M., Safarik, R., & Gilula, N. B. (1995). Physical
characterization of gap junction membrane connexons (hemi-channels)
isolated from rat liver. J Biol Chem, 270, 18643-18648.
Castro, C., Gomez-Hernandez, J. M., Silander, K., & Barrio, L. (1999). Altered
formation of hemichannels and gap junction channels caused by cterminal connexin-32 mutations. J Neurosci, 19(10), 3752-3760.
Chandrashekar, J., Hoon, M. A., Ryba, N. J., & Zuker, C. S. (2006). The
receptors and cells for mammalian taste. Nature, 444(7117), 288-294.
Chandrashekar, J., Mueller, K. L., Hoon, M. A., Adler, E., Feng, L., Guo, W., &
Zuker, C. S. (2000). T2Rs function as bitter taste receptors. Cell, 100,
703-711.
Chandrashekar, J., Yarmolinsky, D., von Buchholtz, L., Oka, Y., Sly, W., Ryba, N.
J., & Zuker, C. S. (2009). The taste of carbonation. Science, 326, 443-445.
Chaudhari, N., Landin, A. M., & Roper, S. D. (2000). A metabotropic glutamate
102

receptor variant functions as a taste receptor. Nat Neurosci, 3, 113-119.
Chaudhari, N., & Roper, S. D. (2010). The cell biology of taste. J Cell Biol, 190(3),
285-296.
Chaytor, A. T., Evans, W. H., & Griffith, T. M. (1997). Peptides homologous to
extracellular loop motifs of connexin 43 reversibly abolish rhythmic
contractile activity in rabbit arteries. J Physiol, 503, 99-110.
Chaytor, A. T., Martin, P. E., Edwards, D. H., & Griffith, T. M. (2001). Gap
junctional communication underpins EDHF-type relaxations evoked by
ACh in the rat hepatic artery. Am. J. Physiol, 280, H2441-H2450.
Christie, J. M., & Westbrook, G. L. (2006). Lateral excitation within the olfactory
bulb. J Neurosci , 26, 2269-2277.
Clapp, T. R., Medler, K. F., Damak, S., Margolskee, R. F., & Kinnamon, S. C.
(2006). Mouse taste cells with G protein-coupled taste receptors lack
voltage-gated calcium channels and SNAP-25. BMC Biol., 4(7).
Clapp, T. R., Yang, R., Stoick, C. L., Kinnamon, S. C., & Kinnamon, J. C. (2004).
Morphologic characterization of rat taste receptor cells that express
components of the phospholipase C signaling pathway. J Comp Neurol,
468(3), 311-321.
Clarke, T. C., Williams, O. J., Martin, P. E., & Evans, W. H. (2009). ATP release
by cardiac myocytes in a simulated ischaemia model: inhibition by a
connexin mimetic and enhancement by an antiarrhythmic peptide. Eur J
Pharmacol, 605, 9-14.
Condorelli, D. F., Parenti, R., Spinella, F., Trovato Salinario, A., Belluardo, N.,
103

Cardile, V., & Cicirata, F. (1998). Cloning of a new gap junction gene
(Cx36) highly expressed in mammalian brain neurons, . Eur J Neurosci,
10(3), 1202-8.

Conger, A. D., & Wells, M. A. (1969). Radiation and aging effect on taste
structure and function. Radiat Res, 37, 31-49.
Contreras, J. E., Saez, J. C., Bukauskas, F. F., & Bennett, M. V. (2003). Gating
and regulation of connexin 43 (Cx43) hemichannels. Proc Natl Acad Sci,
100, 11388-11393.
Coppen, S. R., Kodama, I., Boyett, M. R., Dobrzynski, H., Takagishi, Y., Honjo,
H., Severs, N. J. (1999). Connexin 45, a major connexin of the rabbit
sinoatrial node, is co-expressed with connexin 43 in a restricted zone at
the nodal-crista terminalis border. J Histochem Cytochem, 4, 907-918.
Cotrina, M. L., Lin, J. H., & Nedergaard, M. (1998). Cytoskeletal assembly and
ATP release regulate astrocytic calcium signaling. J Neurosci, 18, 87948804.
Dahl, G., & Locovei, S. (2006). Pannexin: to gap or not to gap, is that a question?
IUBMB Life, 58(7), 409-419.
Dando, R., & Roper, S. (2009). Cell-to-cell communication in intact taste buds
through ATP signaling from pannexin-1 gap junction hemichannels. J
Physiol, 587, 5899-5906.
Davidson, J. S., & Baumgarten, I. M. (1988). Reversible inhibition of intercellular
junctional communication by glycyrrhetinic. Biochem Biophys Res Comm,
104

134, 29-36.
DeFazio, R. A., Dvoryanchikov, G., Maruyama, Y., Kim, J. W., Pereira, E., Roper,
S. D., & Chaudhari, N. (2006). Separate populations of receptor cells and
presynaptic cells in mouse taste buds. J Neurosci, 26, 3971-3980.
Delay, R. J., Kinnamon, J. C., & Roper, S. D. (1986). Ultrastructure of mouse
vallate taste buds: II. Cell types and cell lineage. J Comp Neurol, 253,
242-252.
De Lorenzo, A. J. (1963). Studies on the ultrastructure and histophysiology of cell
membrane, nerve fibers and synaptic junctions in chemoreceptors. In Y.
Zotterman (Ed.), Olfaction and Taste (pp. 5-17). New York: Macmillan.
Dermietzel, R., Traub, O., Hwang, T. K., Beyer, E., Bennett, M. V., Spray, D. C.,
& Willecke, K. (1989). Differential expression of three gap junction proteins
in developing and mature brain tissues. Proc Natl Acad Sci (USA), 86(24),
10148-10152.
Drayna, D. (2005). Human taste genetics. Annu Rev Genomics Hum Genet, 6,
217-235.
Duffy, H. S., Iacobas, I., Hotchkiss, K., Hirst-Jensen, B. J., Bosco, A., Dandachi,
N., . . . Spray, D. C. (2007). The gap junction protein connexin 32 interacts
with the Src homology 3/Hook domain of discs large homolog 1*. J Biol
Chem, 282(13), 9789-96.
Dunlap, M. F. (1997). Ultrastructural correlates of developing taste buds and their
associated synapses in the rat (Unpublished master’s thesis). University of
Denver, Denver, CO.
105

Du Vuyst, E., Decrock, E., Cabooter, L., Dubyak, G. R., Naus, C. C., Evans, W.
H., & Leybaert, L. (2006). Intracellular calcium changes trigger connexin
32 hemichannel opening. The EMBO Journal, 25(1), 34-44.
Dvoryanchikov, G., Sinclair, M. S., Perea-Martinez, I., Wang, T., & Chaudhari, N.
(2009). Inward rectifier channel, ROMK, is localized to the apical tips of
glial-like cells in mouse taste buds. J Comp Neurol, 517, 1-14.
Eskandari, S., Zampighi, G. A., Leung, D. W., Wright, E. M., & Loo, D. D. (2002).
Inhibition of gap junction hemichannels by chloride channel blockers. J
Membrane Biol, 185(2), 93-102.
Essenfelder, G. M., Bruzzone, R., Lamartine, J., Charollais, A., Blanchet-Barden,
C., Barbe, M. T., Waksman, G. (2004). Connexin 30 mutations
responsible for hidrotic ectodermal dysplasia cause abnormal
hemichannel activity. Human Molec Gen, 13(16), 1703-1714.
Evans, W. H., De Vuyst, E., & Leybaert, L. (2006). The gap junction cellular
internet: connexin hemichannels enter the signalling limelight. Biochem J,
397(1), 1-14.
Falk, M. M., Buehler, L. K., Kumar, N. M., & Gilula, N. B. (1997). Cell-free
synthesis and assembly of connexins into functional gap junction
membrane channels. The EMBO Journal, 16, 2703-2716.
Farbman, A. I. (1965). Fine structure of the taste bud. J Ultrastruct Res, 12, 328350.
Farbman, A. I. (1980). Renewal of taste bud cells in rat circumvallate papillae.
Cell Tissue Kinet, 13, 349-357.
106

Farbman, A. I., & Hellekant, G. (1978). Quantitative analysis of the fiber
population in rat chorda tympani nerves and fungiform papillae. Am J Anat,
153, 509-522.
Finger, T. E. (1986). Peptide immunohistochemistry demonstrates multiple
classes of perigemmal nerve fibers in the circumvallate papilla of the rat.
Chem Senses, 11, 135-144.
Finger, T. E. (2005a). Cell types and lineages in taste buds. Chem Senses,
30(suppl1), i54-i55.
Finger, T. E., Danilova, V., Barrows, J., Bartel, D. L., Vigers, A. J., Stone, L.,
Kinnamon, S. C. (2005b). ATP signaling is crucial for communication from
taste buds to gustatory nerves. Science, 310(5753), 1495-1499.
Finger, T. E., Womble, M., Kinnamon, J. C., & Ueda, T. (1990). Synapsin I-like
immunoreactivity in nerve fibers associated with lingual taste buds of the
rat. J Comp Neurol, 292, 283-290.
Fish, H. S., Malone, P. D., & Richter, C. P. (1944). The anatomy of the tongue of
the domestic Norway rat. Anat Rec, 89, 429-440.
Gilbertson, T. A., Damak, S., & Margolskee, R. F. (2000). The molecular
physiology of taste transduction. Curr Opin Neurobiol, 10, 519-527.
Goldberg, G. S., Moreno, A. P., & Lampe, P. D. (2002). Gap junctions between
cells expressing connexin 43 or 32 show inverse permselectivity to
adenosine and ATP. J Biol Chem, 277, 36725-36730.
Gomes, P., Srinivas, S. P., Van Driessche, W., Vereecke, J., & Himpens, B.
(2005). ATP release through connexin hemichannels in corneal
107

endothelial cells. Invest Ophthalmol Vis Sci, 46, 1208-1218.
Goodenough, D. A., Goliger, J. A., & Paul, D. L. (1996). Connexins, connexons,
and intercellular communication. Annu Rev Biochem, 65, 475-502.
Goodenough, D. A., & Paul, D. L. (2003). Beyond the gap: Functions of unpaired
connexon channels. Nat Rev Mol Cell Biol, 4, 285-295.
Green, D. E., & Baum, H. (1970). Energy and the mitochondrion. New York:
Academic Press.
Hajnoczky, G., Pacher, P., & Lin, X. (2001). Spatio-temporal organization of the
mitochondrial phase of apoptosis. IUBMB Life, 52, 237-245.
Hawkins, B. J., Solt, L. A., Chowhury, I., Kazi, A. S., Abid, M. R., Aird, W. C., . . .
Madesh, M. (2007). G protein-coupled receptor Ca2+-linked mitochondrial
reactive oxygen species are essential for endothelial/leukocyte adherence.
Mol Cell Biol, 27(21), 7582-7593.
Heck, G. L., Mierson, S., & DeSimone, J. A. (1984). Salt taste transduction
occurs through an amiloride-sensitive sodium transport pathway. Science,
223, 403-405.
Hisatsune, C., Yasumatsu, K., Takahashi-Iwanaga, H., Ogawa, N., Kuroda, Y., &
Yoshida, R. (2007). Abnormal taste perception in mice lacking the type 3
inositol 1,4,5-triphosphate receptor. J Biol Chem, 282, 37225-37231.
Hosny, S., & Jennes, L. (1998). Identification of gap junctional connexin-32
mRNA and protein in gonadotropin-releasing hormone neurons of the
female rat. Neuroendocrinol, 67(2), 101-8.
Hua, V. B., Chang, A. B., Tchieu, J. H., Nielsen, P. A., & Saier, M. H., Jr. (2003).
108

Sequence and phylogenetic analysis of 4 TMS junctional proteins:
Connexins, innexins, claudins and occludins. J Mem Biol, 194, 59-76.
Huang, A. L., Chen, X., Hoon, M. A., Chandrashekar, J., Guo, W., Tränkner, D.,
Zuker, C. S. (2006). The cells and logic for mammalian sour taste
detection. Nature, 442, 934-938.
Huang, L., Shanker, Y. G., Dubauskaite, J., Zhang, J. Z., Yan, W., Rosenzweig,
S., Margolskee, R. F. (1999). Gγ13 colocalizes with gustducin in taste
receptor cells and mediates IP3 responses to bitter denatonium. Nature
Neurosci, 2, 1055-1062.
Huang, Y. A., Maruyama, Y., Stimac, R., & Roper, S. D. (2008). Presynaptic
(Type III) cells in mouse taste buds sense sour (acid) taste. J Physiol, 586,
2903-2912.
Huang, Y. A., & Roper, S. D. (2010). Intracellular Ca2+ and TRPM5-mediated
membrane depolarization produce ATP secretion from taste receptor cells.
J Physiol, 588(Pt 13), 2343-50.
Huang, Y.-J., Maruyama, Y., Dvoyanchikov, G., Pereira, E., Chaudhari, N., &
Roper, S. D. (2007). The role of pannexin 1 hemichannels in ATP release
and cell-cell communication in mouse taste buds. Proc Natl Acad Sci
(USA), 104(15), 6436-6411.
Ide, C., & Munger, B. L. (1980). The cytologic composition of primate laryngeal
chemosensory corpuscles. Am J Nat, 158, 193-209.
Ishimaru, Y., Inada, H., Kubota, M., Zhuang, H., Tominaga, M., & Matsunami, H.
(2006). Transient receptor potential family members PKD1L3 and PKD2L1
109

form a candidate sour taste receptor. Proc Natl Acad Sci, 103, 1256912574.
Jiang, P., Ji, Q., Liu, Z., Snyder, L. A., Benard, L. M., Margolskee, R. F., & Max,
M. (2004). The cysteine-rich region of T1R3 determines responses to
intensely sweet proteins. J Biol Chem, 279, 45068-45075.
Jongen, W. M., Fitzgerald, D. J., Asamoto, M., Piccoli, C., Siaga, T. J., Gros, D.,
Yamasaki, H. (1991). Regulation of connexin 43-mediated gap junctional
intercellular communication by Ca2+ in mouse epidermal cells is
controlled by E-cadherin. J Cell Biol, 114(3), 545-55.
Kanagaratnam, P., Rothery, S., Patel, P., Severs, N. J., & Peters, N. S. (2002).
Related expression of immunolocalized connexins 40 and 43 correlates
with human atrial conduction properties. J Am Coll Cardiol, 39(1), 116-123.
Khan, N. A., & Besnard, P. (3). Oro-sensory perception of dietary lipids: new
insights into the fat taste transduction. Biochim Biophys Acta, 1791, 149155.
Kim, J. Y., Cho, S. W., Lee, M. J., Hwang, H. J., Lee, J. M., Lee, S. I., Jung, H. S.
(2005). Inhibition of connexin 43 alters Shh and Bmp-2 expression
patterns in embryonic mouse tongue. Cell Tissue Res, 320, 409-415.
Kinnamon, J. C. (1987). Organization and innervation of taste buds. In T. E.
Finger & W. L. Silver (Eds.), Neurobiology of taste and smell (pp. 277-297).
New York: John Wiley & Sons.
Kinnamon, J. C. (2001). Functional morphology of taste buds. Grant, p19.
Kinnamon, J. C., Dunlap, M., & Yang, R. (2005). Synaptic connections in
110

developing and adult rat taste buds. Chemical Senses, 30(suppl 1), i60i61.
Kinnamon, J. C., Henzler, D. M., & Royer, S. M. (1993). HVEM ultrastructural
analysis of mouse fungiform taste, cell types, and associated synapses.
Microsc Res Tech, 26, 142-156.
Kinnamon, J. C., Sherman, T. A., & Roper, S. D. (1988). Ultrastructure of mouse
vallate taste buds: III. Patterns of synaptic activity. J Comp Neurol, 270, 110.
Kinnamon, J. C., Taylor, B. J., Delay, R. J., & Roper, S. D. (1985). Ultrastructure
of mouse vallate taste bud. I. Taste cells and their associated synapses. J
Comp Neurol, 235, 48-60.
Kinnamon, J. C., & Yang, R. (2008). Ultrastructure of taste buds. In S. Firestein &
G. K. Beauchamp (Eds.), The Senses: A Comprehensive Reference (vol.
4). San Diego, CA: Academic Press.
Kinnamon, S. C., & Margolskee, R. F. (1996). Mechanisms of taste transduction.
Curr Opin Neurobiol, 6, 506-513.
Kistler, J., Evans, C., Donaldson, P., Bullivant, S., Bond, J., Eastwood, S., Engel,
A. (1995). Ocular lens gap junctions: Protein expression, assembly, and
structure-function analysis. Micro Res Tech, 31(5), 347-356.
Korman, E. F., Addink, A. D., Wakabayashi, R., & Green, D. E. (1970). A unified
model of mitochondrial morphology. Bioenergetics, I, 9-32.
Koval, M. (2006). Pathways and control of connexin oligomerization. Trends in
Cell Biology, 16(3), 159-166.
111

Lawton, D. M., Furness, D. N., Lindemann, B., & Hackney, C. M. (2000).
Localization of the glutamate-aspartate transporter, GLAST, in rat taste
buds. Eur J Neurosci, 12, 3163-3171.
Laybaert, L., Braet, K., Vandamme, W., Cabooter, L., Martin, P. E., & Evans, W.
H. (2003). Connexin channels, connexin mimetic peptides and ATP
release. Cell Commun Adhes, 10, 251-257.
Li, X., Staszewski, L., Xu, H., Durick, K., Zoller, M., & Adler, E. (2002). Human
receptors for sweet and umami taste. Proc Natl Acad Sci (USA), 99, 46924696.
Lin, W., Burks, C. A., Hansen, D. R., Kinnamon, S. C., & Gilbertson, T. A. (2004).
Taste receptor cells express pH-sensitive leak K+ channels. J
Neurophysiol, 92, 2909-2919.
Lindemann, B. (1996). Taste Reception. Phys Rev, 76, 719-766.
Lindemann, B. (2001). Receptors and transduction in taste. Nature, 413, 219-225.
Litvin, O., Tiunova, A., Connell-Alberts, Y., Panchin, Y., & Baranova, A. (2006).
What is hidden in the pannexin treasure trove: the sneak peak and the
guesswork. J Cell Mol Med, 10, 613-634.
Locovei, S., Bao, L., & Dahl, G. (2006). Pannexin 1 in erythrocytes: function
without a gap. Proc Natl Acad Sci, 103, 7655-7659.
Lopez Jimenez, N. D., Cavenagh, M. M., Sainz, E., Cruz-Ithier, M. A., Battey, J.
F., & Sullivan, S. L. (2006). Two members of the TRPP family of ion
channels, Pkd1l3 and Pkd2l1, are co-expressed in a subset of taste
receptor cells. J Neurochem, 98, 68-77.
112

Loven, C. (1868). Beitrage zur Kenntniss vom Bau der Geschmackswarzchen
der Zunge. Arch Mikroskop Anat, 4, 96-110.
Ma, H., Yang, R., Thomas, S. M., & Kinnamon, J. C. (2007). Qualitative and
quantitative differences between taste buds of the rat and mouse. BMC
Neurosci, 8(5).
Martin, P. E., & Evans, W. H. (2004). Incorporation of connexins into plasma
membranes and gap junctions. Cardiovasc Res, 62(2), 378-387.
Martini, R., & Carenini, S. (1998). Formation and maintenance of the myelin
sheath in the peripheral nerve: roles of cell adhesion molecules and the
gap junction protein connexin 32. Microsc Res Tech, 41(5), 403-15.
Maxeiner, S., Dedek, K., Janssen-Bienhold, U., Ammermuller, J., Brune, H.,
Kirsch, T., Weiler, R. (2005). Deletion of connexin 45 in mouse retinal
neurons disrupts the rod/cone signaling pathway between aII amacrine
and ON cone bipolar cells and leads to impaired visual transmission. J
Neurosci, 25(3), 566-576.
McLaughlin, S. K., McKinnon, P. J., & Margolskee, R. F. (1992). Gustducin is a
taste-cell-specific G protein closely related to the transducins. Nature,
357(6379), 563-9.
Miller, I. J. (1995). Anatomy of the peripheral taste system. In R. L. Doty (Ed.),
Handbook of olfaction and gustation (pp. 521-543). New York: Marcel
Dekker, Inc.
Miller, I. J., & Bartoshuk. (1991). Taste bud distribution and spatial relationships.
In T. V. Getchell (Ed.), Smell and taste in health and disease (pp. 205113

231). New York: Raven Press.
Miller, T., Dahl, G., & Werner, R. (1988). Structure of a gap junction gene: rat
connexin-32. Biosci Rep., 8(5), 455-64.
Ming, D., Ruiz-Avila, L., & Margolskee, R. F. (1998). Characterization and
solubilization of bitter-responsive receptors that couple to gustducin. Proc
Natl Acad Sci (USA), 95, 8933-8938.
Miyamoto, T., Fujiyama, R., Okada, Y., & Sato, T. (1998). Sour transduction
involves activation of NPPB-sensitive conductance in mouse taste cells.
AJP IN Physiol, 80(4), 1852-1859.
Murata, Y., Yasuo, T., Yoshida, R., Obata, K., Yanagawa, Y., Margolskee, R. F.,
& Ninomiya, Y. (2010). Action potential-enhanced ATP release from taste
cells through hemichannels. J Neurophysiol, 104, 896-901.
Murray, R. G. (1973). The ultrastructure of taste buds. In I. Friedmann (Ed.), The
ultrastructure of sensory organs (pp. 1-81). Amsterdam: North Holland
Pub. Co.
Musil, L. S., & Goodenough, D. A. (1993). Multisubunit assembly of an integral
plasma membrane channel protein, gap junction connexin43, occurs after
exit from the ER. Cell, 74(6), 1065-1077.
Nadarajah, B., Thomaidou, D., Evans, W. H., & Parnavelas, J. G. (1996). Gap
junctions in the adult cerebral cortex: regional differences in their
distribution and cellular expression of connexins. J Comp Neurol, 376(2),
326-342.
Nagy, J. I., Goedert, M., Hunt, S. P., & Bond, A. (1982). The nature of the
114

substance P- containing nerve fibers in taste papillae of the rat tongue.
Neuosci, 7, 3137-3135.
Nelson, G., Chandrashekar, J., Hoon, M. A., Feng, L., Zhao, G., Ryba, N. J., &
Zuker, C. S. (2002). An amino-acid taste receptor. Nature, 416, 199-202.
Nelson, G., Hoon, M. A., Chandrashekar, J., Zhang, Y., Ryba, N. J., & Zuker, C.
S. (2001). Mammalian sweet taste receptors. Cell, 106(3), 381-90.
Nelson, G. M., & Finger, T. E. (1993). Immunolocalization of different forms of
neural cell adhesion molecule (NCAM) in rat taste buds. J Comp Neurol,
336(4), 507-516.
Neveu, M. J., Hully, J. R., Babcock, K. L., Hertzberg, E. L., Nicholson, B. J., Paul,
D. L., & Pitot, H. C. (1994). Multiple mechanisms are responsible for
altered expression of gap junction genes during oncogenesis in rat liver. J
Cell Sci, 107, 83-95.
Nicholson, B., Dermietzel, R., Teplow, D., Traub, O., & Willecke, K. (1987). Two
homologous protein components of hepatic gap junctions. Nature, 329,
732-734.
Nicholson, B., Dermietzel, R., Teplow, D., Traub, O., Willecke, K., & Revel, J. P.
(1987). Hepatic gap junctions are composed of two homologous proteins.
Nature, 329(6141), 732-4.
Niki, M., Jyotaki, M., Yoshida, R., & Ninomiya, Y. (2010). Reciprocal modulation
of sweet taste by leptin and endocannabinoids. Biomed Life Sci, 52, 101114.
Ninomiya, Y. (1998). Reinnervation of cross-regenerated gustatory nerve fibers
115

into amiloride-sensitive and amiloride-insensitive taste receptor cells. Proc
Natl Acad Sci (USA), 95, 5347-5350.
Oakley, B. (1967). Altered temperature and taste responses from crossregenerated sensory nerve in the rat’s tongue. J Physiol, 188, 353-371.
Panchin, Y., Kelmanson, I., Matz, M., Lukyanov, K., Usman, N., & Lukyanov, S.
(2000). Ubiquitous family of putative gap junction molecules. Curr Biol, 10,
R473-R474.
Panchin, Y. V. (2005). Evolution of gap junction proteins – the pannexin
alternative. J Exp Biol, 208, 1415-1419.
Paul, D. L. (1986). Molecular cloning of cDNA for rat liver gap junction protein. J.
Cell Biol, 193, 123-134.
Pearson, R. A., Dale, N., Llaudet, E., & Mobbs, P. (2005). ATP release via gap
junction hemichannels from the pigment epithelium regulates neural retinal
progenitor proliferation. Neuron, 46, 731-744.
Peracchia, C. (2004). Chemical gating of gap junction channels: Roles of calcium,
pH and calmodulin. Biochim Biophys Acta Biomembranes, 1662(1-2), 6180.
Phelan, P. (2005). Innexins: members of an evolutionarily conserved family of
gap-junction proteins. Biochim Biophys Acta, 1711, 225-245.
Piechocki, M. P., Burk, R. D., & Ruch2, R. J. (1999). Regulation of connexin 32
and connexin 43 gene expression by DNA methylation in rat liver cells.
Carcinogenesis, 20(3), 401-406.
Pumplin, D. W., Yu, C., & Smith, D. V. (1997). Light and dark cells of rat vallate
116

taste buds are morphologically distinct cell types. J Comp Neurol, 378,
389-410.
Quist, A. P., Rhee, S. K., Lin, H., & Lai, R. (2000). Physiological role of gapjunctional hemichannels. Extracellular calclum-dependent isosmotic
volume regulation. J Cell Biol, 148, 1063-1074.
Rash, J. E., Davidson, K. G., Kamasawa, N., Yasumura, T., Kamasawa, M.,
Zhang, C., Nagy, J. I. (2005). Ultrastructural localization of connexins
(Cx36, Cx43, Cx45), glutamate receptors and aquaporin-4 in rodent
olfactory mucosa, olfactory nerve and olfactory bulb. J Neurocytol, 34(3-5),
307-41.
Reutter, K., & Witt, M. (1993). Morphology of vertebrate taste organs and their
nerve supply. In S. A. Simon & S. D. Roper (Eds.), Mechanisms of taste
transduction (pp. 29-52). Boca Raton: CRC Press.
Richard, D. A., Dvoryanchikov, G., Maruyama, Y., Kim, J. W., Pereira, E., Roper,
S. D., & Chaudhari, N. (2006). Separate populations of receptor cells and
presynaptic cells in mouse taste buds. J Neurosci, 26(15), 3971-3980.
Richter, T. A., Dvoryanchikov, G. A., Chaudhari, N., & Roper, S. D. (2004). Acidsensitive two-pore domain potassium (K2P) channels in mouse taste buds.
J Neurophysiol, 92, 1928-1936.
Romanov, R. A., Rogachevskaja, O. A., Bystrova, M. F., Jiang, P., Margolskee,
R. F., & Kolesnikov, S. S. (2007). Afferent neurotransmission mediated by
hemichannels in mammalian taste cells. EMBO J, 26(3), 657-667.
Romanov, R. A., Rogachevskaja, O. A., Khokhlov, A. A., & Kolesnikov, S. S.
117

(2008). Voltage Dependence of ATP Secretion in Mammalian Taste Cells.
J Gen Physiol, 132(6), 731-744.
Roper, N., Landin, A. M., & Roper, S. D. (2000). A metabotropic glutamate
receptor variant functions as a taste receptor. Nat Neurosci, 3, 113-119.
Rossler, P., Kroner, C., Freitag, J., Noe, J., & Breer, H. (1998). Identification of a
phospholipase C beta subtype in rat taste cells. Eur J Cell Biol, 77, 253261.
Royer, S. M., & Kinnamon, J. C. (1988). Ultrastructure of mouse foliate taste
buds: synaptic and nonsynaptic interactions between taste cells and nerve
fibers. J Comp Neurol, 270, 11-24.
Royer, S. M., & Kinnamon, J. C. (1991). HVEM serial-section analysis of rabbit
foliate taste buds: I. Type III cells and their synapses. J Comp Neurol, 306,
49-72.
Royer, S. M., & Kinnamon, J. C. (1994). Application of serial sectioning and three
dimensional reconstruction to the study of taste bud ultrastructure and
organization. Micro Res Tech, 29, 381-407.
Ruiz-Avila, L., McLaughlin, S. K., Wildman, D., McKinnon, P. J., Robichon, A.,
Spickofsky, N., & Margolskee, R. F. (1995). Coupling of bitter receptor to
phosphodiesterase through transducin in taste receptor cells. Nature, 376,
80-85.
San Gabriel, A., Maekawa, T., Uneyama, H., & Torii, K. (2009). Metabotropic
glutamate receptor type 1 in taste tissue. Am J Clin Nutr, 90, 743S-746S.
Scemes, E., Spray, D. C., & Meda, P. (2009). Connexins, pannexins, innexins:
118

novel roles of “hemi-channels”. Pflugers Arch., 457(6), 1207-1226.
Scemes, E., Suadicani, S. O., Dahl, G., & Spray, D. C. (2007). Connexin and
pannexin mediated cell-cell communication. Neuron Glia Biol, 3(3), 199208.
Schubert, T., Maxeiner, S., Krüger, O., Willecke, K., & Weller, R. (2005).
Connexin 45 mediates gap junctional coupling of bistratified ganglion cells
in the mouse retina. J Comp Neuro, 490(1), 29-39.
Schwalbe, G. (1868). Ueber die Geschmacksorgane der Saugethiere und des
Menchen. Arch Mikrosk Anat Entwickl, 4, 154-189.
Schwarzmann, G., Wiegandt, H., Rose, B., Zimmermann, A., Ben-Haim, D., &
Loewenstein, W. R. (1981). Diameter of the cell-to-cell junctional channels
as probed with neutral molecules. Science, 213, 551-553.
Segretain, D., & Falk, M. M. (2004). Regulation of connexin biosynthesis,
assembly, gap junction formation, and removal . Biochim Biophys Acta,
1662(1-2), 3-21.
Shelley, J., Schubert, T., Feigenspan, A., Schultz, K., Hombach, S., Willecke, K.,
& Weiler, R. (2006). Horizontal cell receptive fields are reduced in
connexin 57-deficient mice. Eur J Neurosci , 23, 3176-3186.
Sosinsky, G. (1995). Mixing of connexins in gap junction membrane channels.
Proc Natl Acad Sci (USA), 92, 9210-9214.
Sosinsky, G. E., Boassa, D., Dermietzel, R., Duffy, H. S., Laird, D. W., MacVicar,
B., & Naus, C. C. (2011). Pannexin channels are not gap junction
hemichannels. Channels (Austin), 5(3), 193-7.
119

Spray, D. C. (1996). Molecular physiology of gap junction channels. Clin Exp
Pharmacol Physiol., 23(12), 1038-40.
Spray, D. C., Ye, Z.-C., & Ransom, B. R. (2006). Functional Connexin
“Hemichannels”: A Critical Appraisal. Glia, 54, 758-773.
Srinivas, M., Calderon, D. P., Kronengold, J., & Verselis, V. K. (2006). Regulation
of connexin hemichannels by monovalent cations. J Gen Physiol, 127, 6775.
Stauffer, K. A. (1995). The gap junction proteins β1-connexin (connexin-32) and
β2-connexin (connexin-26) can form heteromeric hemichannels. J Biol
Chem, 270, 6768-6772.
Stevens, D. R., Seifert, R., Bufe, B., Muller, F., Kremmer, E., Causs, R.,
Lindemann, B. (2004). Hyperpolarization activated channels HCN1 and
HCN4 mediate responses to sour stimuli. Nature, 413, 631-635.
Stone, L. M., Tan, S. S., Tam, P. P., & Finger, T. E. (2002). Analysis of cell
lineage relationships in taste buds. J Neurosci, 22, 4522-4529.
Stout, C., Goodenough, D. A., & Paul, D. L. (2004). Connexins: functions without
junctions. Curr Opin Cell Biol, 16(5), 507-512.
Stout, C. E., Costantin, J. L., Naus, C. C., & Charles, A. C. (2002). Intercellular
calcium signaling in astrocytes via ATP release through connexin
hemichannels. J Biol Chem, 277, 10482-10488.
Söhl, G., Joussen, A., & Willecke, K. (2010). Expression of connexin genes in the
human retina. BMC Ophthalmology, 10(27).
Söhl, G., & Willecke, K. (2003). An update on connexin genes and their
120

nomenclature in mouse and man. Cell Commun Adhes, 10(4-6), 173-80.
Söhl, G., & Willecke, K. (2004). Gap junctions and the connexin protein family.
Cardiovasc Res, 62(2), 228-232.
Tomchik, S. M., Berg, S., Kim, J. W., Chaudhari, N., & Roper, S. D. (2007).
Breadth of tuning and taste coding in mammalian taste buds. J Neurosci,
27(40), 10840-10848.
Tran Van Nhieu, G., Clair, C., Bruzzone, R., Mesnil, M., Sansonetti, P., &
Combettes, L. (2003). Connexin-dependent inter-cellular communication
increases invasion and dissemination of Shigella in epithelial cells. Nat
Cell Biol, 5, 720-726.
Ugawa, S. (2003). Identification of sour-taste receptor genes. Anat Sci Int, 78,
205-210.
Unger, V. M., Kumar, N. M., Gilula, N. B., & Yeager, M. (1999). Threedimensional structure of a recombinant gap junction membrane channel.
Science, 283(5405), 1176-1180.
Valiunas, V. (2002). Biophysical properties of connexin-45 gap junction
hemichannels studied in vertebrate cells. J Gen Physiol, 119(2), 147-164.
Valiunas, V., & Weingart, R. (2000). Electrical properties of gap junction
hemichannels identified in transfected HeLa cells. Pflügers Arch, 440,
366-379.
Vandenbeuch, A., Clapp, T. R., & Kinnamon, S. C. (2008). Amiloride-sensitive
channels in type I fungiform taste cells in mouse. BMC Neurosci, 9(1).
VanSlyke, J. K., Deschenes, S. M., & Musil, L. S. (2000). Intracellular transport,
121

assembly, and degradation of wild-type and disease-linked mutant gap
junction proteins. Mol Biol Cell, 11, 1933-1946.
Verheule, S., van Kempen, M. J., Welscher, P. H., Kwak, B. R., & Jongsma, H. J.
(1997). Characterization of gap junction channels in adult rabbit atrial and
ventricular myocardium. Circ Res, 80(5), 673-81.
Weedman, D. L., Pongstaporn, T., & Ryugo, D. K. (1996). Ultrastructural study of
the granule cell domain of the cochlear nucleus in rats: mossy fiber
endings and their targets. J Comp Neurol, 369, 345-360.
White, T. W., & Bruzzone, R. (1996). Multiple connexin proteins in single
intracellular channels: connexin compatibility and functional consequences.
J Bioenerg Biomembranes, 28, 339-350.
Whitehead, M. C., Beeman, C. S., & Kinsella, B. A. (1985). Distribution of taste
and general sensory nerve endings in fungiform papillae of the hamster.
Am J Anat, 173, 185-202.
Whiteside, B. (1927). Nerve overlap in the gustatory apparatus of the rat. J Comp
Neurol, 44, 363-377.
Willecke, K., Elberger, J., Degen, J., Eckardt, D., Romualdi, A., Guldenangel, M.,
Sohl, G. (2002). ). Structural and functional diversity of connexin genes in
the mouse and human genome. Biol Chem, 383, 725-737.
Williams, C. H., William, J. V., Harris, R. A., Caldwell, M., Green, D. E., &
Valdivia, E. (1970). Confirmational basis of energy transduction.
Bioenergetics, I, 147-180.
Wilson, J. G., & Edin, M. B. (1905). The structure and function of the taste-buds
122

of the larnyx. Brain, 28, 339-351.
Wong, G. T., Gannon, K. S., & Margolskee, R. F. (1996). Transduction of bitter
and sweet taste by gustducin. Nature, 796-800.
Xu, H., Staszewski, L., Tang, H., Adler, E., Zoller, M., & Li, X. (2004). Different
functional roles of T1R subunits in the heteromeric taste receptors. Proc
Natl Acad Sci, 101, 14258-14263.
Yamaguchi, S. (1967). The synergistic taste affect of monosodium glutamate and
disodium 5* inosinate. J Food Sci, 32, 473-478.
Yamaguchi, S. (1991). Basic properties of umami and effects on human. Physiol
Behavior, 49, 833-841.
Yang, H., Wanner, I. B., Roper, S. D., & Chaudhari, N. (1999). An optimized
method for in situ hydridization with single amplication that allows the
detection of rare mRNAs. J Histochem Cytochem, 47, 431-436.
Yang, R. (2006). Immunocytochemical studies of snare proteins syntaxin-1 and
synaptobrevin-2 in taste buds (Unpublished doctoral dissertation).
University of Denver, Denver CO.
Yang, R., Bond, A. E., & Kinnamon, J. C. (2010). Hemichannel Proteins
Pannexin-1 and Connexin-43 Immunoreactivity in Rodent Taste Buds .
Unpublished raw data, University of Denver, Denver, CO.
Yang, R., Cristi, C. L., & Kinnamon, J. C. (2004). Synaptobrevin-2-like
immunoreactivity is associated with vesicles at synapes in rat
circumvallate taste buds. J Comp Neurol, 471, 59-71.
Yang, R., Crowley, H. H., Rock, M. E., & Kinnamon, J. C. (2000a). Taste Cells
123

With Synapses in Rat Circumvallate Papillae Display SNAP-25-Like
Immunoreactivity. J Comp Neuro, 424, 205-215.
Yang, R., Ma, H., Thomas, S. M., & Kinnamon, J. C. (2007).
Immunocytochemical analysis of syntaxin-1 in rat circumvallate taste buds.
J Comp Neurol, 502, 883-893.
Yang, R., Tabaka, S., Crowley, H. H., Margolskee, R. F., & Kinnamon, J. C.
(2000b). Ultrastructural localization of gustducin immunoreactivity in
microvilli in type II taste cells in rats. J Comp Neurol, 425, 139-151.
Yee, C. L., Jones, K. R., & Finger, T. E. (2003). Brain-derived neurotrophic factor
is present in adult mouse taste cells with synapses. J Comp Neurol, 459,
15-24.
Yee, C. L., Yang, R., Bottger, B., Finger, T. E., & Kinnamon, J. C. (2001). “Type
III” cells of rat taste buds: Immunohistochemical and ultrastructural studies
on neuron-specific enolase, protein gene product 9.5, and serotonin. J
Comp Neurol, 440, 97-108.
Yoshida, R., Miyauchi, A., Yasuo, T., Jyotaki, M., Murata, Y., Yasumatsu, K.,
Ninomiya, Y. (2009). Discrimination of taste qualities among mouse
fungiform taste bud cells. J Physiol, 587, 4425-4439.
Yoshida, R., Shigemura, N., Sanematsu, K., Yasumatsu, K., Ishizuka, S., &
Ninomiya, Y. (2006). Taste responsiveness of fungiform taste cells with
action potentials. J Neurophysiol, 96, 3088-3095.
Zhang, C. (2010). Gap junctions in olfactory neurons modulate olfactory
sensitivity. BMC Neurosci., 11(108).
124

Zhang, J. T., & Nicholson, B. J. (1989). Sequence and tissue distribution of a
second protein of hepatic gap junctions, Cx26, as deduced from its cDNA.
J Cell Biol., 109(6 Pt 2), 3391-401.
Zhang, Y., Hoon, M. A., Chandrashekar, J., Mueller, K. L., Cook, B., Wu, D.,
Ryba, N. J. (2003). Coding of sweet, bitter, and umami tastes: different
receptor cells sharing similar signaling pathways. Cell, 112, 293-301.
Zhang, Z., Zhao, Z., Margolskee, R., & Liman, E. (2007). The transduction
channel TRPM5 is gated by intracellular calcium in taste cells. J Neurosci,
27(21), 5777-5786
Zhou, X., & Chaudhari, N. (1997). Modulation of cAMP levels in rat taste epithelia
following exposure to monosodium glutamate. Chem Senses, 22, 834-835.
Abstract obtained from Chem Senses.

125

